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The interplay between superconductivity and inhomogeneous magnetization can give 
rise to many interesting and new physical phenomena such as crossed Andreev 
reflection (CAR) and long range odd triplet supercurrent (LRTS) which are still not 
well understood by the research community. One of the most promising platforms to 
study these kinds of phenomena is lateral devices consisting junctions made of 
superconductor (SC) and rectangularly patterned ferromagnet (FM). The underlying 
reason is that the rectangularly patterned FM can be a source of domain walls which 
provide inhomogeneous magnetization right at the SC–FM interface. One of the central 
questions motivating this thesis is whether such kind of devices can be used to detect 
existence of CAR and LRTS. We performed magnetoresistance (MR) measurements 
and found that these kinds of phenomena indeed play a role to determine the electronic 
transport characteristics of SC – inhomogeneous FM interface. In addition to this, we 
studied electrical transport characteristics of SC- FM disk- SC devices and the effect of 
FM disk’s magnetization reversal process on it. Here we show that the sensitivity of 
SC-FM interface’s transport characteristic to stray field can be used to probe 
magnetization reversal process in FM disk and detect places with inhomogeneous 
magnetization. By performing micromagnetic modeling of the FM disk and analyzing 
the MR characteristics of SC- FM disk- SC devices at below and above 
superconducting transition temperature (Tc) we have been able to point out the onset 
and annihilation field of the vortex core in FM disk. The formation of vortex state 
during magnetization reversal causes a dramatic reduction of the stray field distribution 
near the edge of the disk which produces a sudden rise in Andreev conductance of SC-
FM interface at a temperature below Tc. This results in a sudden drop in MR which 
Summary 
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enables us to find out the vortex onset field from electronic transport data. Results from 
micromagnetic modeling and spin polarized BTK simulation are in good agreement 
with these experimental observations. 
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1.     Introduction 
1.1     Superconductivity and ferromagnetism 
Singlet superconductivity and ferromagnetic order have been known to be two 
antagonistic phenomena. Ginzburg [1] first pointed out that the coexistence of these two 
phenomena are not possible due to the interaction of the superconducting order 
parameter and the vector potential generated by the magnetic field. Later, it was 
discovered [2] that the large exchange energy is also a reason for the incompatibility of 
ferromagnetism and superconductivity. Recently, there has been a renewed interest in 
studying the interplay between them as the presence of inhomogeneous magnetization 
in microscopic superconductor (SC) - ferromagnet (FM) junction has been found to 
exhibit new physical phenomena such as, odd triplet superconductivity and non-local 
Andreev reflection, which contradict the concept of antagonistic relation between 
superconductivity and ferromagnetism [3
 
]. 
In conventional superconductors there exists a forbidden energy gap (Δ) for 
quasiparticle density of states around the Fermi level. When the superconductor forms a 
junction with a normal metal (NM), quasiparticles from the NM side having excitation 
energy lower than Δ cannot penetrate into the SC side. But a second order process can 
take place for electrical conduction where an incoming electron from NM side is 
Andreev reflected (AR) [4] at the SC-NM interface providing a Cooper pair inside SC 
side and thus enhancing the sub-gap conductance of the interface. For conventional 
singlet superconductivity, Cooper pair consists of two electrons with opposite spin and 
momentum. During the AR process, near the interface, a spin-up electron from NM side 
Chapter 1 Introduction 
National University of Singapore 2 
takes a spin-down electron to form the Cooper pair, and a spin-down hole is reflected 
back which follows the incident electron’s trajectory in the NM side. For SC-NM 
junctions it is very likely that a spin-up electron would be able to find a partner of spin-
down state as ideally the Fermi level is equally populated by both spin state electrons. 
But the situation is quite different when the normal metal is replaced by a ferromagnet. 
In a ferromagnet, there is an imbalance in the number of spin-up and spin-down 
electrons at the Fermi level. As a result, at SC-FM junctions, AR probability is 
suppressed due to the scarcity of a particular spin band electron in the Fermi level 
[5, 6]. This simple scenario becomes complicated when magnetic domain wall (DW) is 
present at the FM side as the magnetization inside a domain wall is inhomogeneous. 
Formation of DW can promote proximity-induced superconductivity in FM which 
recently has been shown experimentally where multi- domain structure of FM increases 
critical temperature (Tc) of the SC-FM bilayer [7, 8, 9]. Moreover, a different type of 
AR named “Crossed Andreev Reflection” (CAR) can take place in devices where 
multiple domain FM is connected to a superconducting material [10, 11
 
]. The CAR is 
the non-local version of normal AR in the SC-FM interface as members of Cooper pair 
in this process are originated from regions which are spatially separated. In addition to 
CAR, long range odd triplet supercurrent (LRTS) may also be generated at SC-FM 
interface with inhomogeneous magnetization. The magnetization inhomogenity in 
typical FM material like Permalloy (Py) depends on material’s size, geometry and 
thickness. Moreover, upon applying external field, magnetization reversal takes place 
during which complex inhomogeneous magnetization pattern is generated and a detail 
understanding of micromagnetic physics is necessary to know the magnetization state at 
certain condition. 
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During the last two decades, with the tremendous advancement of nano-fabrication 
technology such as ultra high resolution electron beam lithography and resist technique, 
controlled creation of nanometer scale magnetic particles with well defined structure 
has become achievable. This has motivated a large number of researchers to focus on 
understanding the magnetic behavior of different shaped such as rectangular, square, 
circular or elliptical nanoscale ferromagnetic entities. The surge in experimental work 
has been fully backed up by theorists who have developed micromagnetic softwares 
such as Object Oriented Micromagnetic Framework (OOMMF) [12] and NMAG [13]. 
These softwares analyze the Landau-Lifshitz- Gilbert equation [14] iteratively to find 
out the equilibrium distribution of magnetization under an applied field. Owing to the 
combined experimental and theoretical investigation on magnetism, a detailed 
understanding of internal magnetic structure and magnetization reversal processes of 
these particles has been developed. For instance, it has been reported that magnetostatic 
energy is the dominant factor to govern the magnetization pattern in micron sized 
rectangular Py particle whose geometry favors the typical flux closure state. This state 
usually consists of some small domains which have almost uniform and homogeneous 
magnetization state. However, in between two adjacent domains there always exists a 
domain wall region where magnetization is inhomogeneous. Complex domain and 
domain boundary patterns such as flower state, leaf state, S and C shape states, seven 
domain structures, Neel and Bloch wall have also been observed in FM rectangles with 
different dimensions. [15, 16, 17, 18
 
]  
Beside the rectangular shaped particle, another interesting geometry for micromagnetic 
study is the disk shaped particle which is not only important from pure scientific 
viewpoint, but also a promising candidate for future ultra high density magnetic data 
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storage system. [ 19 , 20 ] The circular shaped FM particles show a very unique 
magnetization pattern, known as vortex structure, where the magnetic spins curl along 
the edge of the circle. In order to minimize the total dipole energy and the exchange 
energy, the spin direction in this configuration changes gradually. This causes a 
problem for the magnetization vector right at the center as the angle between adjacent 
spins becomes very large. Therefore, at the center a small spot appears where the 
magnetization points out- of- plane and parallel to the plane normal. This small spot is 
known as the vortex core and its characteristics have been under intensive investigation 
for last few years. The core size, mainly determined by the balance between exchange 
energy and magnetostatic energy, lies in the range of the exchange length of the 
material. [21] The vortex core magnetization may point upward or downward and the 
sense of the rotation of the chirality of magnetization at other places of the disk may be 
clockwise or anti-clockwise. The combination of these two degrees of freedom can be 
utilized to store two bits of data at the same time. In order to utilize this versatile 
characteristic and make an application, the first step should be to learn how to control 
the sense of rotation and the vortex core polarity. Several ideas have been proposed in 
this regard such as by introducing various types of defects, [22] asymmetry [23] and 
using external field [24]. Apart from this, understanding magnetization reversal process 
and identifying vortex onset field and movement are also similarly important from 
application point of view. Upon applying a large field, the magnetization becomes 
aligned along the direction of the field. If the field is reduced to zero, buckling of 
magnetization pattern starts taking place and at a certain field the sudden onset of vortex 
state happens. If the field is then increased in another direction, the vortex core will 
move in a perpendicular direction to the field direction until a large field is applied to 
annihilate it and convert the magnetization pattern into a single domain state. During 
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this magnetization reversal process the magnetization inside FM becomes highly 
inhomogeneous. With the help of micromagnetic simulation and state of the earth 
experimental techniques, now it has become possible to precisely probe and measure 
the inhomogeneous states during magnetization reversal process. 
 
As mentioned in the aforementioned sections, a part of the research community is 
putting effort to understand microscopic physics of magnetization in patterned magnetic 
material, while other researchers are concentrating on the effect of superconductivity on 
FM. In addition to this, a very closely related research field exists where understanding 
the effect of ferromagnetism on superconductivity is the main focus. Few relevant 
works in this field are inverse proximity effect [ 25 , 26 , 27 , 28 , 29 , 30 ] and 
manipulation of superconducting vortices by using FM nanostructure [31, 32, 33, 34]. 
From a simple viewpoint, inverse proximity effect indicates to the creation of nonzero 
magnetic moment in SC. Similarly, presence of FM nanostructures also affects the 
property of SC by creating and pinning superconducting vortices. In addition to that, the 
stray field originating from the FM often modifies the transport property of SC-FM 
interface. [35] The stray field is directly related to the internal magnetic structure of 
FM. For instance, due to large inhomogenity in magnetization pattern, disk shaped FM 
particle produces a large stray field only at its center at remanent state. In addition to 
affecting the transport property of SC- FM interface, such large stray field can generate 
vortices in SC film which after getting coupled with the FM vortex core, can be moved 
by applying magnetic field. [36] Such superconducting vortex, also known as frozen 
flux, affects the AR process at the interface and thus makes the whole scenario 
complicated. [37] This has been a topic of a number of ongoing investigations around 
the world. 
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In understanding all of the above mentioned phenomena in SC- FM hybrid devices, the 
device structure plays a key role. For instance, Andreev reflection and associated 
transport characteristics are normally studied in point contact geometry as the contact 
size in this case can approach the ballistic limit. This assists to data analysis in light of 
some established theories such as the BTK model [38
  
]. On the other hand, proximity 
effect, inverse proximity effect, supercurrent and effect of inhomogeneous 
magnetization on superconductivity have normally been studied in vertical multilayer 
geometry due to the ease of fabrication of high quality interface and controlling the 
layer thickness precisely. Beside these, lateral structures have been used to study 
multiple Andreev reflection and penetration length of triplet supercurrent through FM. 
Compared to the former two, lateral structure, which needs the help of modern 
nanofabrication equipments, has been a new addition to the century long history of 
superconducting research.  
1.2     Motivations and objectives 
From the overview given in previous section, it is quite clear that the study of SC- 
inhomogeneous FM hybrid devices contains rich physics which are still unclear to the 
research community. The exotic superconducting behavior such as non-local Andreev 
reflection, which is also known as crossed Andreev reflection (CAR), is getting a lot of 
attraction from scientists. CAR has been demonstrated and experimentally proved in 
structures where two oppositely polarized ferromagnetic leads are connected to a 
common superconductor and the distance between the FM leads are in the order of 
superconducting coherence length [39, 40, 41]. In this case, by taking the advantage of 
different coercivity of the two FM electrodes, a parallel or anti-parallel configuration 
could be achieved which could be externally controlled by magnetic field. It was 
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reported that at below superconducting transition temperature (Tc), the anti-parallel 
(AP) configuration gives lower resistance than the parallel (P) configuration. This result 
has been attributed to the fact that at AP state, the oppositely polarized electrodes 
produce electrons with opposite spin and as they are separated by a distance compared 
to the coherence length in SC, they can form Cooper pair to enter the SC side. On the 
contrary, at P state, such pairing is forbidden due to the lack of one spin band electron 
causing lower conductivity of the device. Theoretically, a similar kind of situation could 
be realized in a SC- multiple domain FM junction as a DW may separate two magnetic 
regions with opposite magnetization which can be the source of two opposite spin 
electrons to form a Cooper pair. With the advancement in nanofabrication technology, it 
has become possible to create and manipulate DW in a controlled fashion. Different 
types of geometrical constrictions such as ferromagnetic wire with nanoconstriction 
[42], zigzag ferromagnetic wire [43], bent ferromagnetic wire [44
 
] etc. have been used 
to form DW at controlled positions. In addition to these, regular shaped samples like 
rectangular or square micron sized ferromagnetic films can also be a source of DW. In 
order to reduce magnetostatic energy, this kind of patterned magnetic film becomes 
multi-domain structured and several DWs can be present in the film. Motivated by this, 
we wish to explore and analyze SC- multi domain FM- SC device to investigate the 
effect of DW on transport characteristics of SC-FM junction. 
Beside CAR phenomenon, another interesting issue in studying SC- FM junction is the 
effect of stray field from FM on the SC-FM interface’s transport characteristics. 
Generally, researchers always try to get rid of such effect in order to study the pure 
interaction between superconductivity and ferromagnetism. However, the sensitivity of 
SC-FM interface to stray field could be a probe to understand the internal magnetic 
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state of the FM. With the help of state- of- the- art micromagnetic simulation software 
and experimental techniques, we can understand the micromagnetic state in different 
FM structures during magnetization reversal process. For example, as discussed earlier, 
micron sized FM disk shaped particle exhibits vortex state, and the nucleation, 
propagation and annihilation of vortex core are well understood now. This has 
encouraged us to study the effect of magnetization reversal process on the transport 
property of SC- FM disk- SC devices. The magnetization at different places of FM disk 
varies dramatically during the magnetization reversal process. Hence we have chosen 
lateral device structure for this purpose as it provides the opportunity to put electrodes 
in different places of FM disk and thus enabling us to get a better insight over the effect 
of magnetization reversal process on the electronic properties of SC- FM interface. 
Such lateral device structure also assists us to achieve multiple domain walls at the SC- 
FM rectangle device interface and as stated earlier, detect crossed Andreev reflection 
also.  
 
In a nutshell, the motivation of this thesis is two- folded: 
1. To study the effect of domain walls on lateral SC- FM interface and perform 
magnetoresistance experiment to detect presence of DW assisted CAR. 
2. To understand the effect of inhomogeneous magnetization during magnetization 
reversal process in FM disk on the electronic transport property of SC- FM interface.  
 
1.3     Organization of this thesis 
In chapter 2, a review on the past reports from other groups’ study on SC- FM hybrid 
devices is provided. In addition to that, a brief theoretical background on the basics of 
superconductivity and ferromagnetism, which are related to this thesis, will be 
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provided. This will be followed by an overview on electrical transport study of SC-NM 
junction and SC- inhomogeneous FM junction. The key phenomena observed so far 
such as, CAR and LRTS and the corresponding theoretical predictions will be 
discussed. Moreover, as a part of this thesis focuses on the effect of magnetization 
reversal process in disk shaped FM particle on SC-FM interface’s magnetotransport 
property, an overview on anisotropic magneto resistance (AMR) and micromagnetic 
simulation in FM disk will be provided. The literature review chapter also covers 
history of different types of geometry used to study SC- FM hybrid devices. 
 
Chapter 3 provides detailed description of the device fabrication tools, processes and 
measurement techniques and equipments used in this thesis. In this context, process 
flow in optical and electron beam lithography, metal deposition technique, imaging 
equipment and low temperature magnetoresistance (MR) measurement system will be 
discussed. 
 
We studied the transport characteristics of SC-NM-SC devices as a control 
measurement and to help in understanding the results of SC-FM devices. Chapter 4 will 
discuss about the electrical transport property of lateral SC-NM-SC devices. The 
experimental results are analyzed by well known Blonder-Tinkham-Klapwijk model 
[45
 
]. A comparison with the simulation result will also be provided. 
In chapter 5, the experimental results on lateral SC-FM rectangle-SC devices will be 
presented and analyzed. The ferromagnetic portion contains multiple domain walls and 
thus allowed us to study the interplay between superconductivity and inhomogeneous 
magnetization. We observe two novel phenomena in these devices. The first one is the 
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effect of magnetic field on overall shape of conductance spectra. We will propose a 
modification in the existing spin polarized BTK model [46
 
] to explain these results. The 
simulation results show excellent agreement to the modified theory. The second one is a 
clear indication of the conductance contribution from CAR and/ or LRTS. A 
quantitative analysis of CAR contribution will be provided. 
Chapter 6 discusses about the experiments performed on SC- FM disk- SC devices. The 
effect of stray field during magnetization reversal process from different portion of the 
FM disk on SC-FM interface’s transport property will be discussed. We will show that 
such an effect can be used to precisely identify some characteristic values such as 
vortex onset and annihilation field. In addition to this, an interesting phenomenon, the 
effect of magnetic frozen flux on SC-FM interface’s electronic transport characteristics, 
is also discussed.  
 
Chapter 7 concludes this thesis with a brief summary of the results obtained and 
discusses about several recommendations for future work. 
  
 
Chapter 2  
2.    Literature Review  
The central focus of this thesis is to understand the interaction between 
superconductivity and ferromagnetism. Therefore, in this review chapter we will start 
with a discussion on basic concepts about SC and FM. Most of the materials covered 
in these discussions can be found in the introductory textbooks. [47, 48, 49, 50, 51
 
] 
Fundamental phenomena and theories about superconductivity and ferromagnetism, 
which are necessary to understand the experimental results presented in this thesis, are 
discussed in detail. In addition to these fundamental concepts, we also review the 
relevant works performed by other groups. For instance, as discussed in the previous 
chapter, in presence of inhomogeneous magnetization, SC-FM hybrid devices can 
exhibit many interesting phenomena such as crossed Andreev reflection and long 
range triplet supercurrent. Researchers have been focusing on this topic during last 
one decade and a lot of new physics have been discovered. Surprisingly, most of this 
research has been focused on vertical multilayer and point contact devices whereas 
lateral devices could be an ideal platform to study such phenomena. In this review 
chapter we will present a brief summary of these works and will highlight our 
motivation to focus on lateral devices. Moreover, as part of this thesis is dedicated to 
study SC-FM interface’s transport property during the magnetization reversal in FM 
disk, focus will also be provided on the basics of magnetization reversal mechanism 
and micromagnetic simulation in FM disk. 
2.1     Basic concepts of superconductor 
Superconductivity, was first discovered by H. Kamerlingh Onnes in 1911. [ 52 ] 
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Although it has been more than hundred years since the word superconductivity is 
added in scientific research community’s dictionary, still there are plenty of questions 
left to be answered by the physicists. However, the century long research has unveiled 
at least the very basic fundamentals of superconductivity and among them, those 
which are most relevant to this thesis, will be summarized in the next subsections. 
  
2.1.1     Hallmarks of superconductivity 
The two very well known and fundamental hallmarks of superconductivity are: 
1. Complete disappearance of electrical resistivity in materials below a certain 
temperature (critical temperature, Tc) 
2.  Perfect diamagnetism  
The first hallmark was discovered by H. Kamerlingh Onnes in 1911. If a ring of 
superconducting material is cooled down below Tc, the resistivity becomes zero and a 
persistent current is set up in the ring which has a characteristic decay time of at least 
105 years. In fact under some ideal conditions, this persistent current will continue to 
remain for a large time span as long a 101010years. The second hallmark, the perfect 
diamagnetism was discovered in 1933 by Meissner and Ochsenfeld. [53
 
] They found 
that if a superconducting material is exposed to external field at normal state (i. e. 
above Tc) and then the temperature is cooled down below Tc, the field is expelled 
from the interior of the superconductor. Moreover, the superconductivity can be 
destroyed by a critical magnetic field (Hc). However, depending on the type of the 
superconductor, the behavior of penetration of magnetic field also becomes different. 
This will be explained in more detail in the next subsections. 
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2.1.2     Ginzburg- Landau theory and characteristic lengths in superconductor 
Two decades after the discovery of superconductivity, two brothers F. and H. London 
first proposed mathematical equations and theory to describe the two hallmarks of 
superconductivity described in the previous section. [54
 
] These equations are 
𝑬 = 𝝏
𝝏𝑡
(Λ𝑱𝒔)                                                                                                               (2.1) 
𝑩 = −𝑐 (𝛁 × Λ𝑱𝒔)                                                                                                     (2.2) 
 
where 𝑬 is electric field, 𝑱𝒔 is total supercurrent, 𝑩 is the flux density, Λ = 4πλ2 c2� =m nse2�  is a parameter described by penetration depth 𝜆  or the density of 
superconducting electrons 𝑛𝑠 . Eq. 2.1 is connected to the first hallmark of 
superconductivity, the perfect conductivity. It can be derived from an analogy to the 
Ohm’s law which states that under an increasing electric field the acceleration of 
electrons in a normal metal is counteracted by increased scattering rate and hence the 
conductivity becomes finite (𝑚𝒅𝒗
𝒅𝒕
= 𝑒𝑬 = −𝑚𝒗
𝝉
, where 𝒗 is the velocity and 𝜏 is the 
scattering rate). On the other hand, inside a superconductor, the superconducting 
electrons ( 𝑛𝑠 ) act as if there is no scattering term and the acceleration of 




). The second 
hallmark, the Meissner effect is described by Eq. 2.2 which, when combined with 
Maxwell equation 𝛁 × 𝑩 = 4𝜋𝑱/𝑐 gives the expression 𝛁𝟐𝑩 = 𝑩
𝝀𝟐
. This implies that 
the magnetic field is screened from a superconductor with a penetration depth of 𝜆. 
Following these equations, Ginzburg and Landau [ 55] introduced the concept of 
spatially dependent, complex order parameter Ψ which is related to London equations 
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by the relation  
 
𝑛𝑠 = |Ψ(𝑥)|2                                                                                                            (2.3) 
 
The concept of this order parameter helps physicists to deal with field dependence and 
spatial variation of 𝑛𝑠 . The Ginzburg- Landau (GL) theory also introduced a 
fundamental characteristic length in superconductor, called coherence length (𝜉 ) 
which represents the length over which the order parameter can vary without any 
increase in energy. The ratio of 𝜆 and 𝜉 is known as GL parameter 𝜅 = 𝜆
𝜉
. Depending 
on the value of the GL parameter, all low temperature conventional superconducting 
elements can be divided in two categories, type I and type II superconductor. 
 
2.1.3     Type I and II superconductor 
The key difference between type I and type II superconductor lies in their behavior 
under external applied field. In type I superconductor like Al, Pb or Hg, magnetic 
field cannot penetrate them in superconducting state until a threshold field is applied 
(critical field, Hc). At this field the magnetic flux completely penetrates the 
superconductor and superconductivity suddenly gets destroyed. On the other hand, in 
type II superconductor like Nb, instead of discontinuous breakdown of 
superconductivity at Hc, flux penetration starts at a lower critical field (Hc1) and 
gradually increases to the maximum at upper critical field (Hc2). The region between 
Hc1 and Hc2 is called the mixed state and inside this window flux penetrates as 
vortices each carrying a quantum of flux 2.07 × 10−7  G- cm2. Abrikosov first 
identified that materials with GL parameter 𝜅 > 1/√𝟐  exhibit type II 
superconductivity and trap vortices under an external field larger than Hc1. [56] The 
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characteristics of such superconducting vortices will be discussed in more detail in the 
next sub section. 
 
2.1.4     Frozen magnetic flux in superconductor 
In type II superconductor, when the first flux enters at a field above Hc1, it is carried 
within a vortex which is circled by superconducting current. The core of the vortex is 
treated as it is in a non- superconducting state. As the field is increased, more vortices 
enter into superconductor until it converts into completely non- superconducting state 
at Hc2. These vortices can move under an applied field and in presence of current due 
to Lorentz force density 𝑭 = 𝑱 × 𝑩, where 𝑱 and 𝑩 are current density and applied 
field respectively. The movement of vortices gives rise to finite resistivity in 
superconductor. A number of researches have been performed to understand the 
characteristics of these vortices such as their geometrical structure, pinning 
characteristics, interaction with magnetic materials and so on (for a review see 
Ref. 57). Another important branch of research on superconducting vortices is the 
study of their trapped characteristics and potential application of such frozen flux as 
superconducting atomic chip. [58, 59, 60
 
] The word “frozen flux” suggests the nature 
of these vortices to stay and act as a source of magnetic field inside the 
superconductor even after the external field is switched off. However, the effect of 
such frozen flux on the electronic transport characteristics of SC- FM interface has 
attracted little focus from the research community so far. In chapter 6 we will show 
that such effect can give rise to many interesting phenomena such as large hysteresis 
and asymmetry in magnetoresistance characteristics, lowering the critical current and 
Andreev conductance. 
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2.1.5     Cooper pairs 
The transition of a metal from the normal to the superconducting state has been 
explained by the theory that the electrons, with the help of lattice vibration, 
condensate into a lowest energy state and act as coupled pair which can move without 
facing any resistivity. This pairing is known to be the result of an exchange of 
phonons, the quanta of lattice vibration energy. Such electron pair was first 
investigated and named after famous physicist L. N. Cooper. [61] Following this, 
Bardeen, Cooper and Schrieffer proposed the epoch-making pairing theory of 
superconductivity, known as BCS theory [62] which theoretically explains the basic 
pairing mechanism of Cooper pair and energy gap in superconductor. Later, Gor’kov 
[63
 
] showed that the GL theory’s order parameter Ψ can be thought as the wave 
function of the center of mass motion of Cooper pair. The wave functions and pairing 
theory of superconducting condensates is still being developed by the theoretical 
physicists and it has already been established that the Cooper pairs can be of many 
different kinds with different origin and characteristics. 
2.1.6     Different types of pairing in superconductors 
The Cooper pair in a superconductor can be of different electronic origin. Among 
them, four principal types of pairing are discussed here. 
 
1. s-wave singlet pairing: This characterizes most of the conventional low Tc 
superconductors. This type of Cooper pair comprises of two electrons with opposite 
spin and momentum. The observed phenomena indicated in this thesis are related to 
such kind of Cooper pair. 
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2. d-wave singlet pairing: This type of pairing is normally present in high Tc cuprate 
superconductor. The key difference between s-wave and d-wave singlet pairing is that 
the order parameter shows a different dependence on the Fermi momentum. For 
isotropic s-wave singlet superconductor, order parameter is a wave vector ( 𝑘 ) 
independent quantity. On the other hand, for anisotropic case it depends on the Fermi 
wave vector (𝑘𝐹) direction but does not change sign as a function of the 𝑘𝐹 orientation 
in space. On the contrary, in the d-wave singlet superconductor the order parameter is 
a function of 𝑘𝐹 and it changes sign at certain points at the Fermi surface. 
 
3. Conventional triplet superconductivity: This is an even function of Matsubara 
frequency and an odd function of momentum. This type of pairing is very sensitive to 
impurity concentration. It can arise in SC-homogeneous FM junction and it consists 
of averages of two operators with opposite spins and is strongly suppressed by 
exchange field. It has a zero total projection of the spin, Sz=0, in the direction of 
exchange field. 
 
4. Long range odd triplet superconductivity (LRTS): This type of pairing is an odd 
function of the Matsubara frequency and even function of momentum. This type of 
pairing has a total spin projection 𝑆𝑧 = ±1 and electrons with parallel spin. Therefore, 
it is not suppressed by the exchange field in FM.  
 
2.1.7     Andreev reflection and crossed Andreev reflection 
As indicated in the previous section, at superconducting state, the electrons inside SC 
form a unique pair which opens a forbidden energy gap for single electron excitations. 
Therefore, when a non-superconducting material is placed in contact with SC material 
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and a small bias voltage is applied, electronic transport through the interface faces a 
problem as inside the nonsuperconducting material only single electron current exists 
whereas ideally in SC, only Cooper pair current can exist. This scenario is depicted in 
the schematics of Fig. 2.1. A. F. Andreev first dealt with such problem and proposed 
the famous Andreev reflection theory which explains a mechanism by what a single 
electron current can convert into a superconducting current at the interface. [4]  
 
 
Figure 2.1 Schematic picture of Andreev reflection process.  
 
As explained in Fig. 2.1, an electron incident from the normal metal at the NM- SC 
interface may undergo Andreev reflection or normal scattering. During Andreev 
reflection, the incident electron is reflected back as a hole with reversed velocity. This 
creates a charge deficit of 2e and thus forms a Cooper pair which is absorbed in the 
superconducting condensate. This process, known as Andreev reflection, is less likely 
to take place if the NM is replaced by a FM material as in the FM material there is a 
lack of one spin electrons at the Fermi level. To create a Cooper pair inside the SC, 
the two electrons from NM/ FM side do not need to come from exactly same space. 
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These electrons can also be separated by a distance of coherence length. If the 
electrons constituting the Cooper pair come from different places or electrodes placed 
very close to each other, the process is called crossed or nonlocal Andreev reflection.  
 
2.2     Superconductor- normal metal junction 
When an SC material is placed in contact with an NM, proximity effect takes place 
which modifies their electronic properties and convert them into a weakly 
superconducting material. Although the field of study of the interaction between SC 
and NM material is more than half a century old, it received a lot of renewed focus 
due to the remarkable technological advancement in fabrication of high quality 
interface and nanoscale junction during last one decade. Among the first few 
pioneering works on the proximity effect in SC- NM junction, Ref. 64, 65, 66, 67 
and 68  are most mentionable as they provide the basic understanding about the 
leakage of superconducting correlations into nonsuperconducting materials. 
Suppression of TC due to presence of NM material and the penetration of Cooper pair 
into the NM material were the key findings of these studies. This behavior can be 
interpreted as the breakdown of some Cooper pairs which results from the leakage of 
one of the electrons of the pairs into the NM side which does not allow Cooper pairs 
to form. A good review on this phenomenon was provided by Deutscher and de 
Gennes. [69] Moreover, in 1962, Josephson showed that if an insulating layer is 
sandwiched between two SC layers, the supercurrent can flow through the structure 
and it oscillates as a sinusoidal function governed by the phase difference of two SC 
electrodes. [70, 71] This phenomenon, known as Josephson effect, was also found to 
take place in SC- NM- SC sandwich structure. The length of the condensate 
penetration into the NM region (coherence length, 𝜉𝑁 ), which can be as large as 
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several hundreds of nanometers, is restricted by decoherence processes (inelastic or 
spin-flip scattering). At low temperatures, the length scale, over which these 
decoherence processes occur may be few microns long. Due to the penetration of the 
Cooper pair into the NM over such a large distance, the Josephson effect is possible in 
SC- NM- SC devices with few hundred nanometers thick NM layers. This was studied 
by many groups and a detailed view of this field can be found in Ref. 72 and 73. In 
addition to that, due to the proximity effect, the conductance of Josephson junction 
oscillates under an external magnetic field and it was studied intensively during the 
last decade (for a review, see Ref. 74 and 75). Proximity effect also manifests itself in 
the form of suppression of density of states which was experimentally studied first 
with the help of tunneling spectroscopy. [76] Recently spatially resolved modification 
of density of states has also been measured by several groups. [77, 78
 
]  
In addition to proximity effect, Andreev reflection at SC- NM interface has also been 
a topic of interest to the condensed matter research community for quite a long time. 
The transport characteristics of the SC- NM interface is normally quite well 
understood in light of the BTK model [45]. The BTK model is a benchmark theory to 
explain the conductance enhancement of such an interface. This will be more 
elaborately discussed in the later sections of this review chapter and also along with 
our experimental results shown in chapter 4. Apart from this, multiple Andreev 
reflection and finite bias resistance peak are also two very interesting features of SC- 
NM devices. In multiple Andreev reflection, the electrons which are normally 
reflected from the SC- NM interface bounces back to the interface again and increases 
the probability of AR which results in an anomalous sharp decrease of resistance at 
zero bias and conductance features at sub-harmonic gap position. [79, 80] Whereas 
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multiple AR takes place inside a window described by 2Δ, anomalous finite bias 
resistance peaks were found at a much larger bias region (|𝑉| > 10Δ). [81
 
] Such 
feature may also be related to the destruction of superconductivity by high bias 
current and it will be discussed more in conjunction with our results on SC- NM 
devices.  
2.3     Superconductor-ferromagnet junction 
The electronic properties of SC- FM junctions are very different from those of SC- 
NM junctions especially because of the antagonistic relation between 
superconductivity and ferromagnetism. The research works on SC- FM junctions can 
be broadly classified in two groups depending on the magnetization state in FM which 
can be either homogeneous or inhomogeneous.  
 
2.3.1     Junction with homogeneous magnetization  
So far a large part of the works on SC-FM junction has been focused on single 
domain ferromagnetic structure where any inhomogenity in magnetization is ignored. 
Some of the device structures studied are point contact, multilayers and spin-valve 
geometry. Many interesting phenomena were observed with rich physics behind them. 
For example, oscillations of the superconducting condensate function in ferromagnet, 
[82] 𝜋 shift of Josephson critical current, [83] incomplete Andreev reflection [84] etc. 
are well understood now. As the central point of our work on SC-FM hybrid devices 
is to study the interplay between inhomogeneous magnetization and superconductivity, 
we are not reviewing the properties of SC-FM junctions with homogeneous 
magnetization here. Rather, in the next section the effect of inhomogeneous 
magnetization will be discussed in full detail.  
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2.3.2     Junction with inhomogeneous magnetization 
Special effects due to presence of domain wall at SC-FM interface will be discussed 
in this section. 
 
2.3.2.1     Domain wall mediated enhancement of Tc 
Due to the presence of domains in ferromagnets, a special kind of proximity effect 
may take place in SC-FM hybrid structures. Theoretical studies on superconductivity 
nucleation in the presence of multiple domain structure was performed by Buzdin et 
al. [ 85 ] and Aladyshikin et al. [ 86 ]. They showed that destruction of 
superconductivity by ferromagnetism is partially compensated near the DWs in SC- 
FM structure with magnetic film having perpendicular anisotropy. In this case 
nucleation of superconductivity is promoted by the magnetization inhomogenity 
provided by the DW. Experimental observation of such domain wall assisted 
superconductivity was reported by Yang et al. [87
7
]. They explored a SC- FM bilayer 
system consisting of Nb film deposited on single crystal FM BaFe12O19 and found that 
the Tc was slightly increased due to the formation of domain wall. Similar type of 
result was reported in Ref.  where experiment was executed on a Ni0.80Fe0.20 /Nb 
bilayer and the Tc was found to be increased by around 10 mK due to the DW effect. 
The DW width (~0.5 µm) in this experiment was larger than the superconducting 
coherence length of Nb (~40 nm [130]). The direction of the exchange field rotates by 
an angle 𝑎 at the distance 𝜉𝑆 and the rotation is estimated as 𝑎 = 𝜉𝑆𝑤 , where 𝜉𝑆 is the 
coherence length in superconductor and 𝑤 is the DW width. The averaged exchange 
field ℎ𝑎𝑣  is smaller than the field ℎ  at a distance from the domain wall and the 
difference between them is (ℎ − ℎ𝑎𝑣 ) ℎ⁄ ~(𝜉𝑠 𝑤⁄ )2. Therefore, a relative decrease of 
the pair-breaking parameter will be also of the order of(𝜉𝑠 𝑤⁄ )2 . Based on these 
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calculations, Buzdin et al. showed that the local increase of the critical temperature 
can be estimated as: 𝑇𝑐𝑤−𝑇𝑐
∗
𝑇𝑐
∗  ~ (𝜉𝑠 𝑤⁄ )2 where 𝑇𝑐𝑤 is the superconducting transition 
temperature of the superconductor near the DW and 𝑇𝑐∗is the transition temperature 
for the uniform SC- FM bilayer. This estimation is of the same order of magnitude as 
the effect observed by Rusanov et al. [7] on the Ni0.80Fe0.20 /Nb bilayers. Taking the 
temperature dependence of the superconducting coherence length as 𝜉(𝑇) ∼
𝜉𝑠�𝑇𝑐∗|𝑇 − 𝑇𝑐∗|  the condition for domain-wall superconductivity is deduced 
as 𝜉(𝑇𝑐𝑤)~𝑤. 
 
The effect of DWs on Tc has also been investigated by Kinsey et al. [ 88
8
], 
Stamopoulos and Pissas [ ] and Gillijns et al. [89
 
] in SC- FM bilayers and FM- SC- 
FM multilayers. All of these works claimed the increase of Tc due to a multidomain 
state in FM. Also it has been pointed out that the effect of increasing Tc in the vicinity 
of a DW is weak for very large and very thin domain walls. To observe a relatively 
strong effect, the DW thickness should be comparable to coherence length in 
superconductor. To summarize the DW assisted superconductivity, we can conclude 
that the exchange energy in FM is generally many times larger than KBTc, where KB is 
the Boltzman constant Therefore, electrons in Cooper pair are normally expected to 
be easily aligned by large exchange field and hence, Tc should be decreased. However, 
as the Cooper pairs experience the exchange field averaged over the superconducting 
coherence length (𝜉𝑠 ), and naturally, it is smaller near the DWs than that in the 
aligned domain region, the superconductivity should be more robust near them. 
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2.3.2.2     Domain wall and inhomogeneous magnetization induced long range odd 
triplet superconductivity (LRTS) 
The odd triplet superconductivity can be generated in SC- FM devices where at the 
interface, the FM portion contains DWs [90]. Assuming a dirty system, i.e. the mean 
free path 𝑙 is shorter than the domain width and the magnetic length 𝜉ℎ = �𝐷 ℎ⁄ , the 
amplitude of the LRTS of superconductivity was calculated and it was found that the 
LRTS can penetrate the ferromagnet over a distance of the order of 𝜉ℎ = �𝐷 2𝜋𝑇⁄ . 
Here, 𝐷 is the diffusion coefficient. The presence of LRTS in similar kind of devices 
but in the clean limit (i.e. the mean free path is larger than domain width) was analyzed 
in ref. 91. For the dirty limit case, it was predicted that a small total angle of rotation of 
the magnetization vector can lead to a large LRTS. Moreover, the LRTS is predicted to 
penetrate a large distance in FM provided that the magnetization vector at the interface 
rotates in a plane perpendicular to the interface. The opposite case, where the 
magnetization vector in the domain wall changes its direction in a plane parallel to the 
interface has been analyzed by Champel et al. [92
 
]. The odd triplet component was also 
predicted for this type of system, but surprisingly, it penetrates into the FM region over 
a short distance of the order of singlet component penetration length in FM with large 
exchange energy. 
Figure 2.2 Schematics of SC- FM device where the presence of domain wall in FM may 
give rise to LRTS at SC- FM interface. [ After F. S. Bergeret, 2005, Ref.3]. 
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Bergeret et al. showed theoretically [3] how a DW can lead to LRTS and presented an 
expression to evaluate LRTS amplitude for SC- FM cross type device where DW exists 
at the SC- FM interface The magnetization vector rotates in the FM film starting from 
the SC- FM interface (x=0) and the rotation continuously takes place over the DW 
width 𝑤. At 𝑥 > 𝑤, the magnetization of FM points to a certain direction. The DW 
width is assumed to be larger than the mean free path. If the DW width and the 
exchange energy are very small, the singlet component of the superconducting 
condensate penetrates the FM over a large length similar to the characteristic 
penetration length of the condensate in a SC- NM system. In the opposite limit, the 
LRTS penetration into the FM becomes possible whereas the singlet component 
penetrates into the FM over only a short length. This LRTS amplitude is an odd 
function of Matsubara frequency and it depends on total rotation of the magnetization 
vector in a DW. Fig. 2.2 shows the variation of LRTS amplitude with respect to 𝛼𝑤. 
LRTS amplitude increases up to a certain value of 𝛼𝑤 and then decreases exponentially. 
For a certain 𝛼𝑤 LRTS penetration into the FM side is larger than the singlet  
 
 
Figure 2.3 Variation of amplitudes of singlet (dashed line) and LRTS (solid line) in 
space shown for different 𝜶𝒘 in the FM wire with domain wall and connected to SC. 
[After F. S. Bergeret, 2001, Ref. 25] 
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component. On the other hand, for a head-to-head or tail-to-tail DW, i.e. 𝛼𝑤 = 𝜋, the 
LRTS amplitude in the FM side quickly reduces. Unlike singlet component, the LRTS 
does not show any spatial oscillation in the FM side.LRTS can also be generated 
without presence of domain wall at the SC- FM interface. Generation and penetration of 
LRTS through half metallic CrO2 was first reported by Keizer et al. in 2006. [93] They 
showed that superconducting pairs from singlet NbTiN electrode can penetrate a 
distance as large as 1 µm through such a strongly polarized FM. Similar result has been 
shown recently by M. S. Anwar et al where the electrodes have been replaced by 
amorphous singlet MoGe2. [94] The origin of such LRTS is still under debate and most 
acceptable explanation was given by Eschrig et al. [95
 
] They suggested that a spin 
singlet to triplet conversion mechanism takes place based on electron spin precession 
together with triplet-pair rotation at interfaces with broken spin-rotation symmetry. Due 
to the presence of misaligned moment at SC- highly spin polarized FM interface, spin 
singlet Cooper pair converts into a triplet pair which can penetrate a large distance 
through the half metal. 
2.3.2.3     Domain wall induced crossed Andreev reflection (CAR) 
As discussed previously, Andreev reflection is an electronic process where two 
electrons with opposite spin from a non-superconducting material get entangled before 
entering singlet superconducting material and form so-called Cooper pair. These two 
electrons need not to be sourced from same space, rather, they can be spatially 
separated by superconducting coherence length. Moreover, they can come from two 
separate metal electrodes which are placed within the coherence length. Such a special 
version of Andreev reflection has been known as crossed Andreev reflection. 
[41, 96, 97] This process is also known as non-local Andreev reflection as the members 
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of Cooper pairs are generated from spatially separated regions. The CAR has been 
theoretically demonstrated by Deutscher et al. [41] in a device where two FM leads 
(FM1 and FM2) are connected to a common singlet superconductor and the spacing 
between the leads is of the order of superconducting coherence length . If the FM leads 
are magnetized in opposite direction, at energy below Δ, a Cooper pair is formed in the 
superconductor incorporating a spin-up electron sourced by the FM1 lead and a spin-
down electron from the FM2 lead. According to the “Andreev reflection” language, this 
can be viewed as oppositely polarized hole reflection in each lead. On the other hand, if 
FM1 and FM2 are magnetized in the same direction and both leads are 100% polarized, 
neither AR nor CAR can take place which theoretically should lead to infinite resistance 
( below superconducting gap energy) of the device. The CAR in this type of device has 
been experimentally proved by D. Beckmann et al. [39].  
 
Not only in SC- FM devices, CAR was experimentally demonstrated by S. Russo et al. 
in SC- NM hybrid devices too. [40] They studied a tunnel barrier type device consisting 
of NM- SC- NM multilayer where the top NM- SC junction was used as current injector 
and the bottom SC- NM junction served the purpose of detecting CAR signal. However, 
in this case the CAR signal was mixed with another electron conduction process named 
as elastic co-tunneling (EC). In this case EC refers to the event when electrons from top 
SC- NM interface are injected into bottom NM- SC interface without converting into 
holes. [97, 98] The voltage signals from CAR and EC have the opposite sign and the 
probabilities of these two events to happen are bias energy dependent. EC is dominant 
at lower energy scale whereas event of CAR has higher probability at higher energy. In 
addition to this bias dependence, contact resistance also plays a role to differentiate 
between these two competing processes.[99] EC has been found to be dominant in high 
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transparency contacts [39, 100
40
] whereas CAR is more pronounced in comparatively 
low transparent samples [ , 101] CAR and EC in both SC- NM and SC- FM type 
devices have also attracted extensive focus from the theoretical research community. 
[102, 103
 
] The physical origin of such non-local signal, differentiation between EC and 
CAR, role of spin active interfaces on CAR and so on are the key subjects currently 
being studied by research groups. 
Crossed Andreev reflection may also be observed in SC- FM junction where the FM 
side contains multiple domains [10, 11]. In patterned FM, oppositely polarized 
domains can be separated by a domain wall. The width of domain wall can be of the 
order of several tens of nanometer and hence electrons from adjacent domains are 
within the coherence length of SC. From this viewpoint, junction with SC- 
multidomain FM could be very promising to observe CAR phenomenon. The 
experimental study on this type of devices has not been reported by any group so far. 
However, as will be discussed in chapter 5, such a system can also give rise to LRTS. 
 
2.4     Device structure for superconductor- ferromagnet junction 
While the discussions in the previous section were focused mainly on the interplay 
between inhomogeneous ferromagnetism and superconductivity, in this section we 
will provide a review on the field of SC- FM junction from a different angle. Here we 
categorize the studies on SC- FM junctions from a viewpoint of device structure 
configuration. Following this way, most of the works on SC- FM junctions can be 
divided into four categories, point contact, vertical heterojunction, vertical multilayer 
and lateral junction.  
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2.4.1     Point contact 
A lot of common knowledge about electrical properties of any metal becomes invalid 
as soon as its size approaches the atomic level. For example, the familiar Ohm’s law, 
which describes that the resistance of a conductor scales proportional to its length, 
breaks down in the microscopic picture. The underlying reason is that the electrons 
traverse an atomic-sized conductor ballistically and the resistance in this case is 
dependent on the scattering process which is typically independent of the length. 
Similar reasons also apply to the fact that in the macroscopic world gold is a better 
conductor than lead by an order of magnitude, whereas for conduction through a 
single atom, lead beats gold by a factor of three. Use of point contact configuration is 
a versatile technique to study such interesting electronic property of the atomic scale 
world. Although recent development in nanofabrication has made it quite easy to 
make point contact devices, ballistic metallic point contacts were widely studied many 
years before the rise of nanofabrication. Yanson et al. first used the point contact 
spectroscopy to study electron- phonon interaction in 1974. [104] They used a simple 
structure, called “spear-anvil technique” where a needle of a metal was gently brought 
into contact with a metal surface by using a differential-screw mechanism. This 
technique can be used to form a contact as small as 10 to 100 nm. However, due to 
contact instability spear- anvil type junctions are not suitable for making junctions to 
study the quantum regime, which requires contact diameters comparable to the Fermi 
wavelength. Such fine control over the contact size can be achieved by using scanning 
tunneling microscope (STM). Gimzewisky and Möler first utilized STM to make 
point contact by gently touching the surface with a sharp tip and the atomic point 
contact was proved by a sharp jump in conductance indicating the switchover from 
tunneling to metallic contact regime. [ 105 ] By analyzing the magnitude of the 
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resistance jump and using Sharvin formula (see chapter 5), a contact diameter of 0.15 
nm was estimated which indicates a contact consisting of only one or two atoms. 
Point contacts made by STM technique generally suffers from the presence of 
contamination and oxides on the surfaces which creates barrier to form small metallic 
contacts. This can be overcome by cleaning the tip and sample in-situ and then 
repeatedly crashing the tip on the sample. This problem can also be handled with the 
help of ultra-high vacuum and in- situ cleaning processes for both tip and sample. 
Another way to create point contact is by the “Mechanically Controllable Break 
Junction (MCBJ)” method where a thin wire is mechanically pressed to be partially 
broken and eventually it forms an atomic contact. MCBJ was first utilized by 
Moreland and Ekin in 1985 who used it to study the tunneling characteristics of 
superconductors. [ 106 ] Such junction can also be fabricated by using micro-




For long time, point contact structure has been a very useful tool to study electronic 
properties of SC- non SC interfaces. The electronic transport characteristics of a 
tunnel junction with point contact superconducting electrode were calculated by 
Bogoliubov and de Gennes (BdeG equation). [48] In SC, quasiparticle excitations 
consist of electron and hole- like states which are described by two coupled BdeG 
equations. Following these coupled equations, the calculation of the coefficients for 
AR probability and the mechanism of converting a normal current into a supercurrent 
in a perfect SC- NM contact were done by A. F. Andreev in 1964. [4] Later, to do the 
similar calculations for an imperfect interface, Blonder, Tinkham and Klapwijk 
introduced the famous BTK model where the interface barrier was modeled by a delta 
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function. [45] A more detailed discussion on these aspects will be provided in later 
sections of this chapter and chapter 4.  
 
 
Figure 2.4 (a) Schematic of spear- anvil technique. (b) SEM image of. a lithographically 
fabricated MCBJ device for Gold. [After E. Scheer, 2001, Ref. 107] 
 
In addition to simple Andreev reflection process in SC- NM contacts, there exists a very 
peculiar conductance characteristics when a bias voltage smaller than 2Δ is applied 
across them, which is known as sub-gap structure (SGS). This consists of a series of 
current jumps located at a bias voltage of 2Δ/𝑛  where 𝑛  is an integer. Such 
characteristics cannot be explained in terms of simple AR. The observation of SGS was 
first reported in tunnel junction by Taylor and Burnstein [108] and Adkins [109] in 
1963. Later Klapwijk et al. explained it in terms of multiple AR (MAR), a 𝑛th order 
process where 𝑛 number of quasiparticles are transmitted giving a current contribution 
proportional to the 𝑛th power of the transmission and with a threshold at 2Δ/𝑛. [110] 
Klapwijk’s work was later generalized by Octavio et al. for the case of arbitrary 
interface transparency. [ 111 ] van der Post et al. first provided the quantitative 
experimental analysis of SGS in superconducting atomic contacts. [112] They studied 
current – voltage characteristics of Nb and Pb contacts fabricated by MCBJ technique. 
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They showed that the current jumps in SGS are proportional to the 𝑛th power of the 
transmission, where 𝑛 is the order of the step. Later, H. Suderow et al. studied the 
magnetic field dependence of SGS in Pb atomic contacts and fitted the I- V curves by 
using a modified MAR theory which took into account of the pair breaking effect due to 
magnetic field. [113] The I- V curves and MAR in Nb point contact made by MCBJ 
technique, were analyzed in Ref. 114
 
. 
Point contact structure has also been used to measure spin polarization in FM by using 
AR at SC- FM interface. [6] Due to the scarcity of one spin band electron at the Fermi 
level of FM, AR is suppressed and the degree of suppression indicates the spin 
polarization in FM. Point contact geometry is the best technique for such measurement 
as to do the data fitting and analysis, the contact size need to be smaller than the 
electron mean free path. In addition to traditional spear- anvil technique, planar 
junctions with pinholes at the interface [115] and nano indentation by atomic force 
microscopy tip [116] were also used as point contact to measure spin polarization in 
FM. Although such technique need to carefully take care of contact size dependency 
[117], generic spectral broadening, potential barrier at the interface [118 130, , 131] and 
spin flip scattering [119
 
], it has been widely accepted by scientific community as an 
efficient probe to the spin polarization in FM. 
2.4.2     Vertical heterojunction 
Due to absence of any lithography step and the ease of controlled deposition of 
materials, vertical heterojunctions have normally been easy to fabricate. In spite of 
being a simple structure, vertical SC- FM bi-layers are rich in physics and a number of 
theoretical and experimental works have been performed so far. This kind of structure is 
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specially suitable to study density of states, domain wall superconductivity, effect of 
domain wall and spin active interface on superconductivity and inverse proximity 
effect. Kontos et al. studied PdNi/ Nb bi-layer and showed that the local DOS at the 
outer FM interface oscillates with bias energy. [120] On the other hand, Reymond et al. 
showed that the DOS exhibits a non- oscillatory behavior in Nb/ CoFe bi- layers. [121 
Moreover, Tc in SC- FM bi- layer has also been reported to have both monotonic and 
nonmonotonic dependence on FM layer thickness and this is related with the DOS 
oscillation. [122
87
] Apart from DOS and Tc oscillation, the SC- FM bilayer has been used 
to observe domain wall superconductivity. [ ] In this work a bi- layer of Nb- 
BaFe12O19 was investigated and it was shown that superconductivity prefers to nucleate 
over domain wall region due to low stray field. In addition to these, inverse proximity 
effect, where magnetization in FM layer is reduced due to presence of 
superconductivity, was also observed in SC- FM bi- layer structure. A few mentionable 
works are Ref. 27 and123
 
. 
2.4.3     Vertical multilayer 
Sandwich structures such as SC- FM- SC, FM- SC- FM and SC- FM multilayers fall 
into this category. SC- FM- SC structures have been widely investigated to understand 
the Josephson effect, especially critical current oscillation with FM layer thickness 
variation and 0- π state transition. The Josephson critical current through SC- FM- SC 
structure was first calculated by Buzdin et al. [124] Different characteristics and aspects 
of SC- FM- SC structures were studied in many subsequent papers, for example, 
Ref. 125, 126 and 127. Recently experimental proofs for conversion of 0 state critical 
current into π state critical current have been reported by Ryazanov et al. [128] and 
Kontos et al. [129] The Josephson critical current also shows oscillatory behavior with 
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respect to ambient temperature. [128] In addition to this, FM- SC- FM sandwich can be 
an ideal structure to observe the odd triplet supercurrent if the moments in two FM 
layers are non- collinear. [3]. 
 
2.4.4     Lateral junction 
Lateral junctions are comparatively difficult to fabricate than other aforementioned 
structures. The difficulty mainly comes from fabricating a good contact between two 
materials by using lithography and lift- off technique. However, this kind of structure is 
specially suitable to study the penetration length of Cooper pair through FM and probe 
electronic properties at different places of a certain particle. For instance, the first 
experimental observation of triplet supercurrent through a half metal CrO2 was reported 
in lateral junction geometry. [93] NbTiN was used as SC electrodes in this work and it 
was found that triplet superconducting pairs can travel a distance as large as 1 μm 
through a strong FM like CrO2. Recently, M. S. Anwar et al. used the similar structure 
to report second experimental proof of triplet superconductivity and large penetration of 
Cooper pair through half metal. [94] One advantage of lateral devices is that the 
electrodes can be put at different places of a particle which allows to study the 
interaction between SC and different magnetic state in FM particle during 
magnetization reversal process. We use this concept to study SC- FM disk- SC devices  
 
 
Figure 2.5 Schematics of lateral SC- FM- SC devices studied to detect penetration of 
triplet supercurrent through half metal in Ref. 93. 
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which will be discussed in chapter 6. 
 
2.5     BTK model 
The theoretical analysis for electronic transport through a SC- NM interface was 
performed by Blonder, Tinkham and Klapwijk around three decades ago and it has been 
known as BTK model.[45] They treated the unpaired electrons in such system by using 
Bogoliubov- de Jennes equation and calculated their reflection and transmission 
coefficients at the interface. The probabilities are used to calculate interface 
conductance at a certain bias voltage.  
 








− 𝜇(𝑥) + 𝑉(𝑥)� 𝑓(𝑥, 𝑡) + ∆(𝑥)𝑔(𝑥, 𝑡)                                             (2.1) 
 𝑖ℏ 𝜕𝑔
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− 𝜇(𝑥) + 𝑉(𝑥)� 𝑔(𝑥, 𝑡) + ∆(𝑥)𝑓(𝑥, 𝑡)                                        (2.2) 
 
where 𝑓(𝑥, 𝑡) and 𝑔(𝑥, 𝑡)are electron and hole wave functions respectively, ∆(𝑥) is the 
energy gap, 𝜇(𝑥) is the chemical potential. For Δ(𝑥) = 0, the electron and hole wave 
functions couple together. The BTK theory neglects the interaction between the quasi-
particles and the lattice in NM and SC, i.e. 𝑉(𝑥) = 0, and it is assumed that the Fermi-
energies in NM and SC are equal.  Furthermore, the influence of the bias voltage on the 
potential 𝑉(𝑥) is neglected, which is allowed for bias voltages small compared to Fermi 
energy. As in the free electron approximation, any irregularity in the potential 𝑉(𝑥) 
leads to reflection, or scattering, probabilities. Therefore, in order to model the interface 
scattering due to, for example, roughness and impurities, one can use a potential 
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𝑉(𝑥)with a particular shape in the vicinity of 𝑥 = 0. The disadvantage of using “more 
realistic” shapes for 𝑉(𝑥)is that it becomes impossible to solve the Bogoliubov-de 
Gennes equation analytically. For simplicity, allowing for an analytical solution, the 
BTK theory assumes a 𝛿 function 𝑉(𝑥) = 𝐻𝛿(𝑥) localized at the interface. Solving 
these two equations with proper boundary conditions gives the probability of Andreev 
reflection (𝐴), normal reflection (𝐵), normal transmission (𝐶) and Andreev transmission 
(𝐷) which are summarized below [45]: 
 






Here 𝛾2 = [𝑢02 + 𝑍2(𝑢02 − 𝑣02)]2 , 𝑢02 = 1 − 𝑣02 = 12 {1 + [(𝐸2 − ∆2) 𝐸2⁄ ]1/2} 
and  𝑍 = 𝑚𝐻
ℏ2𝑘𝐹
. The terms 𝑢0  and 𝑣0  are the typical BCS parameters 𝑢  and 𝑣 , [62] 
evaluated at outside the Fermi surface. These BCS parameters serve as the components 
for the trial solution of the wave function  𝑓(𝑥, 𝑡) and 𝑔(𝑥, 𝑡), expressed in Eq. 2.1 and 
Eq. 2.2.  
 
2.5.1     Spin polarized BTK model 
The original BTK model was developed for junctions consisting of SC and NM only 
and it did not take care of any sort of spin polarization in the non superconducting 
material. Later, this theory was modified to describe SC- FM interfaces by Strijker et al. 
who used the modified BTK model to measure spin polarization with the help of 
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electronic property of such interface. [130
 
] The key concept behind such modification 
was that the current comprises of two parts, fully polarized and unpolarized part. For 
fully polarized current Andreev reflection is forbidden as there is no supply of the 
minority spin electron to form a Cooper pair. On the other hand, unpolarized electrons 
are treated in a similar fashion as the original BTK theory. This spin polarized BTK 
model is one of the fundamental theories used in this thesis to discuss about SC- FM 
hybrid devices. 
2.5.2     Applicability of BTK model in diffusive junction 
BTK theory assumes that the interface is in ballistic regime and acts like a spin-
independent barrier which can be modeled by a simple δ functional form and 
characterized by a unitless Z parameter. However, in reality, Z incorporates more 
physics than a simple δ function can indicate and it needs not to be a direct indicator of 
real barrier strength in actual measurements. This motivated many researchers to 
explain experimental works on diffusive SC-NM and SC-FM junction between two 
materials with different band structure by means of original and spin polarized BTK 
model respectively [35, 79 131, 132
 
]. Therefore, although the SC- NM and SC-FM 
contacts studied in this thesis fall in the diffusive regime, as long as the quantitative 
value of Z is not of interest, the trend of ZBC with change in ambient temperature can 
be interpreted in terms of modified BTK theory. 
2.6     Basic concepts of ferromagnetism 
Ferromagnetic materials have a characteristic of long-range ordering at the atomic 
level which causes its unpaired electron spins to line up parallel with each other in a 
region called a domain. Although the magnetic field inside a domain is intense, in a 
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bulk sample the material is usually unmagnetized because the cancellation of total 
magnetization from randomly oriented domains. In order to reduce total energy, FMs 
naturally try to form domains with magnetization vector pointing in different 
directions. The magnetization rotation from one domain to another domain does not 
take place abruptly; rather, it changes gradually over a space with certain length. This 
boundary region is called domain wall. The resistance of an FM material under 
external magnetic field depends on the magnetization states at different places. This 
effect, known as anisotropic magnetoresistance and associated characteristics in FM 
disk will be the topics for discussions in the next sub- sections.  
 
2.6.1     Anisotropic magnetoresistance 
Anisotropic magnetoresistance (AMR) of the FM plays an important role in 
determining the transport characteristics of SC-FM-SC devices. Moreover, a part of this 
thesis is focused on understanding the interaction between superconductivity and 
magnetization reversal process with the help of AMR effect. Therefore, a detailed 
theoretical picture of AMR in FM material is provided in this section. 
 
The AMR phenomenon was discovered in 1857 by William Thomson [133] although 
its microscopic origin and huge importance in magnetic recording application were not 
realized by the scientific community for next hundred years. Later, detailed 
experimental works and theoretical understanding of AMR were reported by a number 
of research groups. [134, 135, 136, 137, 138]  From a simple viewpoint, AMR stands 
for different resistivity of ferromagnetic materials at different relative angle between 
current passing through it and applied field direction. The resistivity due to AMR effect 
can be expressed as 𝜌(𝜃) = 𝜌⊥ + ∆𝜌. 𝑐𝑜𝑠2𝜃  where ∆𝜌 = 𝜌|| − 𝜌⊥ , 𝜃  is the angle 
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between magnetization and current vector,  𝜌||  and 𝜌⊥are resistivity of FM material 
when current is in parallel and perpendicular direction to the magnetization vector, 
respectively. Although the equations expressing AMR effect appear to be quite simple, 
its microscopic origin is complicated and one needs to look into the electron state 
properties of FM materials. Mott [139, 140
134
] first pointed out that in 3d metals most of 
the current is carried by s electrons and the interband transition (s-d) is the dominant 
contributor to the resistivity. The majority and minority spin s electrons independently 
contribute to the conductivity and it can be written as 𝜎 = 𝜎𝑠+ + 𝜎𝑠−, where :”+” and “-
” sign indicate minority and majority carrier respectively. Depending on the availability 
of 3-d band parallel and antiparallel density of states, the s electrons can have a 
transition to these states and the resistivity increases with increase in these transitions. 
The d bands are exchange split due to magnetic field and as the bands are isotropic, 
resistivity also becomes isotropic according to this theory. In order to explain the 
anisotropic magnetoresistance behavior in 3-d FM materials spin-orbit interaction was 
included in this model. [ ] Due to spin-orbit coupling, a mixing between spin parallel 
and antiparallel states takes place and provides unoccupied parallel d states even at zero 
temperature. These unoccupied states are unequally distributed over the five possible d 
orbits and there is a scarcity of these hole orbits along the direction perpendicular to 
magnetization. Therefore, electrons moving in the direction perpendicular to 
magnetization (i.e., magnetic field) are less trapped than those moving in the direction 
parallel to magnetization. The resistivity is mainly determined by the scattering of 
electrons moving in the direction of current and hence when current and field have 
parallel orientation, the resistance under external field is larger than that at 
perpendicular orientation. This explanation leads to a quantitative expression for the 
AMR effect which can be described as 𝜌(𝜃) = 𝜌 ⊥ + ∆𝜌. 𝑐𝑜𝑠2𝜃 , where ∆𝜌 = 𝜌 || −
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𝜌 ⊥ , with 𝜃 being the angle between magnetization and current vector, 𝜌 || and 𝜌 ⊥  are 
resistivity of FM when current is in parallel and perpendicular direction to the 
magnetization vector, respectively. [141
 
]  
2.6.2     Magnetic states in FM under applied field 
As discussed in previous section, in order to calculate AMR, the knowledge of 
magnetic state in FM material at different field is essential. By using micromagnetism 
theory it is possible to calculate the magnetization distribution in any arbitrary shaped 
FM material. [ 142, 143
 
] The theory assumes the magnetization M(r) vector as a 
function of spatial coordinates with constant modulus Ms. The saturation magnetization 
Ms is defined as a volume density of magnetic moments at fully aligned state. The 
micromagnetic theory discretizes the film into finite elements and tries to find out the 
equilibrium magnetization vector M(r) at each unit. In order to do so, it calculates and 
minimizes the total energy associated with each unit. The energy terms related to this 
problem are exchange (𝐸𝑒𝑥 ,) anisotropy (𝐸𝑎𝑛 ,), Zeeman (𝐸𝑧 ,) and magnetostatic 
(𝐸𝑑𝑒𝑚𝑎𝑔,) energy and the total energy can be expressed as  
𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑒𝑥 + 𝐸𝑎𝑛 + 𝐸𝑧 + 𝐸𝑑𝑒𝑚𝑎𝑔, where 
𝐸𝑒𝑥 = 𝐴𝑀𝑠2 (|∇𝑀𝑥|2 + �∇𝑀𝑦�2 + |∇𝑀𝑧|2) 
𝐸𝑎𝑛 = 𝐾1𝑀𝑠4 (𝑀𝑥2𝑀𝑦2 + 𝑀𝑦2𝑀𝑧2 + 𝑀𝑧2𝑀𝑥2) (for cubic anisotropy) 
𝐸𝑑𝑒𝑚𝑎𝑔 = 𝜇08𝜋𝑴(𝑟). [�∇.𝑴 (?́?) 𝑟 − ?́?|𝑟 − ?́?|3 𝑑3?́? − �n.���⃗ 𝑴 (?́?) 𝑟 − ?́?|𝑟 − ?́?|3 𝑑2?́?] 
𝐸𝑧 = −𝜇0𝑴(𝒓).𝑯𝑒𝑥𝑡 
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Here 𝐴  is exchange constant, 𝑘1  is anisotropy constant, 𝑀𝑥 , 𝑀𝑦 , and 𝑀𝑧  are 
magnetization component in 𝑥,𝑦 and 𝑧 direction respectively n.���⃗  is unit vector normal to 
the surface of FM sample and 𝑯𝑒𝑥𝑡 is applied field. When an external field is applied, 
an effective field is generated which exerts a torque on the magnetization vector. The 
effective field can be expressed as 𝑯𝒆𝒇𝒇 = − 1𝜇0 𝜕𝐸𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝜕𝑴 .The exerted torque is 
proportional to 𝑴 × 𝑯𝑒𝑓𝑓 . By satisfying the equation 𝑴 × 𝑯𝑒𝑓𝑓 = 0 , the 
magnetization vector at each discrete unit of the FM material can be computed. The 
total computation process is quite complex and a dedicated software has been 
developed to serve this purpose which is widely known as Object Oriented 
MicroMagnetic Framework (OOMMF). [12] The 2- D micromagnetic simulation 
results shown in this thesis were performed by OOMMF software. In order to make 
sure that the characteristic exchange length 𝑑0 = � 2𝐴𝜇0𝑀𝑠2 (which is few nanometers in 
Permalloy) is smaller than the unit cell, the FM material was discretized into a unit cell 
size of 5 × 5 × 30 𝑛𝑚3. The other parameters will be described in chapter 6.  
 
2.6.3     Ferromagnetic disk 
The disk shaped ferromagnetic particle has been intensively studied for last few years as 
a promising candidate for future magnetic data storage and logic circuit applications. 
[19, 20, 144, 145, 146, 147]. By analyzing MFM images of micron sized FM disk, T. 
Shinjo et al. [148] showed that at remanent state, such a structure contains very small 
(~10 nm) vortex core at the center of the structure where magnetization points 
perpendicular to the film plane. The magnetization at the other places of FM disk 
continuously rotates in-plane and the chirality of the rotation can be clockwise or 
anticlockwise. Therefore, such a structure can store two bits of information at a time by 
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using its two unique properties, i.e., chirality of the vortex rotation and polarity of the 
vortex core. Motivated by this, a lot of research works have been performed to explore 
the possibility of switching vortex core polarity by either electrical signal. 
[149, 150, 151] or magnetic field [152, 153
 
]. Such a surge in the research on FM disk 
is generated due to its considerably promising application in data storage industry. The 
low magnetic stray field from FM disk leads to a high magnetic stability and reduces 
the cross talk between two adjacent disks which are two main pre-requisites for ultra 
high dense magnetic data recording and storage. At the other side of this picture, FM 
disk could also be a point of concentration for researchers focusing on superconductor- 
inhomogeneous FM devices as the inhomogenity in magnetization structure is inherent 
in FM disk. In spite of being promising, this field has been relatively neglected so far. 
We have performed a detail study on electronic transport of this kind of devices which 
will be presented in chapter 6.  
2.6.4     Magnetization reversal process in FM disk with vortex magnetization state  
The magnetic properties of polycrystalline FM disk (such as, Permalloy, which is 
studied in this thesis) are mainly governed by the exchange interaction and magnetic 
dipolar energy. At remanent state, three parameters, such as, disk radius R, thickness L 
and the exchange length LE = � AMS2 ,control the magnetic structure of the disk. Here, A 
is the exchange constant and Ms is the saturation magnetization of the material. For 
small R  and L , the formation of magnetic domains and domain walls is not 
energetically favored. In this case, three different stable magnetic states can be formed 
which are, single domain state with magnetization parallel to disk plane, single domain 
state with magnetization perpendicular to disk plane and vortex state. The first one is 
energetically favorable when the ratio β = L/R < 1.81, L ≤ LE and R < Rc(L). Here, 
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Rc(L) is the critical radius for vortex stability.[154, 155] and β = 1.81 is the critical 
aspect ratio for reorientation of uniform magnetization to non-uniform magnetic state. 
[156] The magnetization perpendicular to disk plane happens when β > 1.81 , and 
R ≤ LE. When R < Rc(L), the curling magnetization with vortex core at the center 
occurs. In order to understand transport characteristics of SC- FM disk (with vortex 
state an remanence) and make use of FM disk in data storage industry, it is quite 
important to understand its magnetization reversal mechanism under external applied 
field. For FM disk with several tens of nanometers thickness it has extensively been 
studied both theoretically [157, 158, 159] and experimentally [160, 161, 162, 163
 
] by 
many groups.  
When an in-plane magnetic field sweeping is performed starting from negative 
saturation field to positive saturation field, the magnetization process takes place via 
buckling, vortex core nucleation, displacement and annihilation.[163] There are two 
characteristic fields describing this process, named as, vortex nucleation field (ℎ𝑛) and 
vortex annihilation field (ℎ𝑎𝑛) The former indicates the field at which the vortex core 
appears and the later represents the positive field at which the vortex core is destroyed. 
The size dependence of ℎ𝑛  and ℎ𝑎𝑛  have been studied both theoretically [164] and 
experimentally [165, 166,.167
 
] and it has been found that both of these characteristic 
fields reduce with a decrease in disk aspect ratio 𝛽. At remanent state, the vortex core 
stays at the center of the disk. When magnetic field is increased from zero, in order to 
increase the average magnetization component along the field, the vortex core moves in 
a perpendicular direction to the field and toward the edge of the disk.  
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The magnetization reversal in FM disk has been studied by a number of experimental 
techniques such as electrical transport study by normal metal electrode, magneto optical 
Kerr effect, [166] Lorentz microscopy [163] and magnetic force microscopy [148]. Due 
to the difficulty in fabrication and electronic measurement of a small individual disk, to 
date, only few groups reported the magnetoresistance property of FM disk by normal 
metal electrode. [168, 169, 170, 171
168
] Among them, the work by K. Yamada et al. and 
Vavassori et al. were dedicated to determine the magnetotransport property of a single 
micron sized FM disk and the others measured an ensemble of FM disks. K. Yamada et 
al. showed that the switching of the vortex core is possible by applying electrical signal. 
On the other hand, Vavassori et al. showed that the anisotropic magnetoresistance [ ] 
is the key phenomenon which determines the magnetoresistance property of FM disk 
and the MR shape depends on the magnetic field direction. Moreover, the sense of 
rotation of the magnetization in the vortex state gives rise to the different shapes at  
 
Figure 2.6 (a) Device structure for measurement of MR of FM disk by normal electrode 
[After P. Vavassori, 2005, Ref. 168]. Lead 1 and 2 were used for current injection 
whereas lead 3 and 4 served the purpose of voltage sensor. (b) Simulated and 
experimental M- H curve identifying vortex nucleation and annihilation field. (c) 
Lorentz microscopy image of the vortex propagation. 
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different direction of the magnetic field. By analyzing the MR data they have been able 
to determine the sense of vortex rotation. However, the exact onset field for vortex  
nucleation and annihilation could not be identified clearly by using MR data. Moreover, 
to avoid the current distribution effect, the voltage probes were placed (see Fig. 2.6) in 
such a way that the experiment could detect MR from only a part of the FM disk where 
current follows a straight line. In this configuration and by analyzing only 
magnetoresistance the magnetization reversal process cannot be determined accurately. 
This issue can be approached in a better way by using superconducting electrode, which 
has been performed in this thesis and will be discussed in detail in chapter 6. 
 
K. Yu. Guslienko et al., [166], R. P. Cowburn et al., [172] and F. Carace et al. [173
163
] 
used magneto- optical Kerr effect to understand the magnetization reversal process of 
FM disk. Another imaging technique, known as Lorentz force microscopy, has been 
used for probing magnetization reversal process in FM disk by several 
groups.[ , 174, 175] Magnetization at remanent state, vortex nucleation, motion and 
annihilation have been observed under different field by this technique. However, 
Lorentz force microscopy has a major disadvantage. The substrate holding the FM disk 
need to be transparent enough so that the electron beam can pass through it. In addition 
to these, Hall magnetometry [ 176 , [ 177 ] and micro- superconducting quantum 
interference device [178
148
], which mainly use the stray field effect, were also used to 
investigate FM disk’s magnetization reversal process. Besides these electrical transport 
measurements, magnetic force microscopy was also applied for this purpose. Extensive 
reports on MFM imaging of FM disk can be found in literature. [ , 179] However, 
study of vortex nucleation, propagation and annihilation in FM disk by in-situ MFM 
imaging is comparatively rare. Although MFM can be easily used to probe the 
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magnetization state of a single sub-micron sized FM disk, the main difficulty arises 
from the effect of magnetic field on the magnetic tip itself. The magnetization state and 
the stray field distribution can be easily affected by externally applied magnetic field, 
which in turn, would affect the images captured by MFM technique. Despite this 
limitation, T. Pokhil et al. [179] studied in-situ magnetization reversal process under 
external field by MFM. They found that at low field, submicron sized FM disk (5-50 
nm thick) shows single vortex core. On the other hand, at high field, two vortex cores 
exist. However, reports on observing two vortex cores in FM disks of such dimension is 
quite rare. In addition to that, although not in-situ, there has been another report on 
studying magnetization reversal process in FM disk by MFM technique. [180
 
] The field 
was externally applied first and then the remanent state magnetization imaging was 
performed. 50 nm thick, circular Permalloy disks with diameter varying from 0.1 to 1 
µm were studied. It has been shown that the disks with diameter more than 0.3 µm 
show a curling magnetic structure with a vortex core with perpendicular magnetization. 
Moreover, the switching probability of the vortex core as a function of magnetic field 
was also studied. 
2.7     Summary 
In this chapter we have reviewed the topics relevant to this thesis such as different types 
of superconducting pairing, SC- FM hybrid devices’ electronic transport characteristics, 
especially in presence of inhomogeneous magnetization, different structures for SC- 
FM hybrids, AMR effect in FM and magnetization reversal process in FM disk. The 
review work clearly suggests that although extensive works have been done on SC- FM 
point contact, bi-layer and multilayer structure, research on lateral junctions has been 
under represented so far. By virtue of size and dimension dependence of Permalloy 
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magnetic structure, lateral SC- FM rectangle - SC devices may have multi-domain 
structures right at the interface. Very little work has been reported on the effect of 
multi- domain FM on lateral SC- FM- SC devices’ electronic transport characteristics. 
In addition to that, magnetization reversal process in disk shaped FM structure can 
affect the transport property of SC- FM hybrids. Lateral device is an ideal structure to 
study this as in this case, by changing the position of the electrode, effect from 
inhomogeneous magnetization during the reversal process at different places of FM 
could be studied. All of these possibilities will be explored both theoretically and 
experimentally in the subsequent chapters.  
  
 
Chapter 3  
3.     Experimental Methods 
3.1     Introduction 
In this chapter we will discuss about the sample fabrication, imaging and measurement 
techniques. We followed top-down approach to fabricate the devices and to reduce the 
presence of contamination, the device fabrication processes were performed inside class 
10 and class 100 clean rooms. The samples were prepared using two step electron beam 
lithography (EBL) and single step optical lithography, followed by sputtering and lift-
off techniques. The samples were characterized mainly by optical microscope, atomic 
and magnetic force microscopy (MFM), scanning electron microscopy (SEM) and low 
temperature magnetoresistance measurement. 
 
3.2     Fabrication techniques 
3.2.1     Substrate preparation and cleaning 
The devices were prepared on top of commercially available silicon substrate with a 
coating of 300 nm thick insulating SiO2. The steps for substrate cleaning are as follows:  
1. Washed with flowing distilled (DI) water for 30 seconds. 
2. 15 minutes ultrasonication in Acetone at room temperature. 
3. 10 minutes ultrasonication in isopropanol filled beaker at room temperature.  
4. Drying with Nitrogen air gun for 1 minute.  
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3.2.2     Nanoscale device patterning 
A top-down approach was used to fabricate the devices studied in this thesis. The 
submicron sized features were patterned by electron beam lithography whereas large 
patterns as contact pads were designed by direct optical lithography.  
 
3.2.2.1     Electron beam lithography (EBL) 
EBL exceeds the patterning capability of optical lithography because of the shorter 
wavelength possessed by the electrons that it employs. It does not require the use of a 
physical mask. Moreover, for multiple step lithography the positioning and alignment 
of the marks are very important and EBL provides nanometer scale resolution in this 
regard. The EBL equipment used for the experiments in this thesis was model JEOL 




Figure 3.1 Cartoon diagram of the difference between single layer and double layer 
resist technique in electron beam lithography system. 
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The device fabrication process was started with creating marks to facilitate multi- step 
lithography process. For EBL process, instead of using a single layer of electron beam 
resist, we used a double layer resist procedure. As we needed to make a good ohmic 
contact between two metals, the residual resist and sidewall factor were very important 
and had to be taken care of. Using a double layer resist technique we got rid of this type 
of problem. Fig. 3.1 demonstrates the difference between single layer and double layer 
resist technique. For single layer resist, after metal deposition, it is difficult to remove 
part of the metal grown on the sidewall of the pattern due to poor penetration of the 
developer through that region. Therefore, if a second layer of metal is grown to make a 
contact with the first layer, due to the sidewall, the contact becomes poor. On the other 
hand, in double layer resist technique, the bottom layer is chosen in such a way that it is 
etched by the developer at a faster rate than the top layer. Thus a step is generated in the 
resist profile which eliminates the growth of the sidewall and eventually provides a 
smooth and sharp edged patterns (see Fig. 3.1). Two different types of double layer 
resist combination were used, one was polymethyl methacrylate (PMMA) 950 A2 (2% 
by weight, in anisole) / PMMA 495 A2 (2% by weight, in anisole) and the other was 
sulfur hexafluoride (SF2) / ZEP 520 A. PMMA has the advantage of being cheap, good 
for liftoff and providing high resolution (< 10nm), but suffers from poor etch resistance 
and slow writing speed (due to high dose current needed). On the other hand, ZEP520A 
has good etch resistance, quick writing speed (due to low dose current needed) and 
good resolution (~ 10nm), but has the disadvantage of being expensive. For the finest 
features (such as the FM dots, discussed in chapter 6) we used PMMA bilayer and for 
comparatively bigger patterns (like Nb electrode with the gap in between them) 
SF2/ZEP bilayer was used. All of the resists’ thicknesses at different speed were 
calibrated by using a surface profiler. Fig. 3.2 shows the measured spin speed vs. 
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thickness curves of these resists. A step by step description of the resist processing and 
other fabrication steps is as follows. 
 
Figure 3.2 Calibration curves for PMMA and ZEP resist thickness with respect to spin 
speed. 
 
• The wafer was heated at 100 degree centigrade in an oven.  
• It was cooled down for 3 minutes. 
• 4 to 5 drops of first layer of resist (SF2 or PMMA 495 A2) were spin coated for 
45 seconds at a speed of 5000 rpm. The acceleration time was set to 10 seconds. 
• The sample was baked at 180 degree centigrade for 5 minutes and then cooled 
down for 3 minutes. 
• 4 to 5 drops of second layer of resist (ZEP 520A or PMMA 950A2) were spin 
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• The sample was baked at 180 degree centigrade for 5 minutes and cooled down 
for 3 minutes. 
 
•  
Figure 3.3 SEM image of PMMA 495/ PMMA 950 bilayer resist after developing in 
MIBK: IPA. A clear undercut profile is visible. 5 nm of Au was coated on top of resist 
for assisting SEM imaging. 
 
• Electron beam exposure: dose 100 µc/cm2 for ZEP 520A/ SF2 bilayer and 600 
µc/cm2 for PMMA 950A2 / PMMA 495A2 bilayer. 
• The sample was developed in ZED-N50 (6 minutes) and rinsed in ZMD-D (2 
minutes) for ZEP 520A/ SF2 bilayer. After that it was put inside 1.9% TMAH 
for 1 minute to etch SF2 and get the undercut profile. On the other hand, for 
PMMA bilayer, the sample was immersed in MIBK: IPA (1:3) solution for 45 
seconds. PMMA 950 and PMMA 495 have different molecular weight and 
different polymer chain length. The later has a smaller chain length and is 
dissolved in MIBK: IPA solution at a faster rate than the former one which 
enables to get an undercut profile. Fig. 3.3 shows a typical undercut profile of 
developed PMMA bilayer resist stack. After development, the sample was dried 
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• After finishing the resist process, metal film was deposited by using sputtering 
technique. Then the sample was soaked in acetone overnight followed by an 
ultrasonic lift-off for 1 minute. A remover solution was used to remove any 
residual resist. 
 
3.2.2.2     Optical lithography – Laser writer   
The EBL system suffers from slow writing speed although it is advantageous for 
creating nanometer scale features. On the other side, contact pads need to be big enough 
to be seen by low resolution microscope so that wire bonding can be performed easily 
to create contact between devices under test and external electronic circuits. Therefore, 
the large sized features were patterned by using a direct optical lithography system. 
Typical procedure for photolithographic patterning and lift-off processes are as follows:  
• The substrate was heated at 100°C for 1 minute. 
• 4-5 drops of S-1805 photoresist (Shipley) was spin coated at 5000 rpm for 45 
seconds which results in a 500 nm thick layer of resist.  
• The sample was baked at 100°C for 1 minute.  
• The pattern was written by the Laser writer with a power of 200 mW. Then it 
was developed in MICROPOSIT MF-319 solution for 45 seconds at room 
temperature.  
 
3.2.3      Film deposition technique: high vacuum sputtering 
Sputtering is a film deposition process where gaseous ion bombardment is used to hit 
the target resulting in ejection of atoms of the target material and deposition on the 
substrate. The magnetic material was deposited by a high vacuum, long throw ULVAC 
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sputtering system whereas the nonmagnetic materials were deposited in a customized 
ULVAC “minisputter” system. The difference between these two systems will be 
discussed in chapter 5. The deposition process was done at room temperature and at a 
base pressure better than 3×10-5 Pa and a working pressure of 0.5 Pa. Prior to the 
deposition step the samples were pre-cleaned by Ar+ gas for 3 minutes. The deposition 
rate for Permalloy and Niobium were 1.9 nm/ minute and 3 nm/ minute respectively. 
During deposition of Permalloy the substrate was rotated at a speed of 50 rpm to get a 
uniformly thick film. 
 
3.3     Measurement apparatus 
3.3.1.     Scanning Electron Microscopy (SEM)  
SEM is versatile equipment which can be used to image and analyze various types of 
samples and over a wide range of millimeter to nanometer scale. As extremely small  
wavelength of the incident electrons is used for imaging, SEM is capable to detect 
feature sizes down to nanometer scale. The electron beam is generated by a field  
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emission gun which is accelerated by a high voltage ranging from 0.5 keV to 40 keV 
and then focused by two condenser lenses. We used model JSM 6700F SEM from 
JEOL to image the morphology of the samples. The resolution of the SEM images 
depends on the accelerating voltage. The SEM images shown in this thesis were taken 
at an acceleration voltage ranging from 3 kV to 5 kV.  
 
3.3.2     Scanning probe microscopy (SPM) 
Since the invention of scanning tunneling microscopy in early 1980’s different types of 
scanning probe microscopy have been invented for topological measurements of 
material surface and surface modifications on nanometer scale. The main parts of SPM 
equipment are cantilever, tip, laser beam, photo detector and signal processing system. 
A schematic of these parts is shown in Fig. 3.5. The SPM can be used in many modes 
such as atomic force microscopy (AFM), magnetic force microscopy (MFM), magneto-
resistive microscopy, lateral force microscopy and so on. In this thesis AFM and MFM 
techniques have been used which will be described in the following sections. 
 
3.3.2.1     Atomic force microscopy (AFM) 
The AFM can measure three-dimensional topography of sample surfaces with sub-
nanometer resolution. In AFM, a sharp tip (10 to 100 nm radius) attached to a cantilever 
is brought down to the sample with the help of a motor. A constant force is maintained 
on the cantilever by using a feedback circuit. The tip scans over the sample surface and 
if it finds a step, the cantilever gets bent up. A laser beam is spotted on the cantilever 
and following the cantilever bending, the beam gets deflected. This deflection is sensed  
by a four quadrant photodiode which generates an image of the surface topography of 
the sample and shows it in the computer screen. AFM can work in two different modes, 
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Figure 3.5 Schematic of scanning probe microscope. 
 
contact and tapping. The first one has not been used in this thesis as it scratches the 
sample surface. The second one, “tapping” mode belongs to a family of AC modes, 
which uses an oscillating cantilever and does not keep contact with the sample. This 
mode was used for imaging the surface topography of the samples in this thesis.  
 
3.3.2.2     Magnetic force microscopy (MFM) 
In MFM, a special tip with magnetic material coating scans over the surface of the 
sample to obtain topographic information first. The tip is then raised just above the 
sample surface by using “lift Mode” and it scans over the surface again. In this second 
scan it looks for magnetic information of the sample. If the sample contains places with 
stray field (like domain wall, perpendicularly magnetized particle and so on), the 
magnetic moment of the tip interacts with that and this interaction is measured using the 
principle of “force gradient detection”. We used model MESP-LM tip (Co/Cr coating at 
both side, coercivity < 400 Oe, 30% of standard tip moment, Force constant 1-5 N/m, 
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] The specialty of this kind of probe is that it has quite low moment 
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which makes sure that the tip does not change the inherent magnetic information of the 
sample. However, because of its low moment, the captured signal strength is 
comparatively lower than the high moment tip.  
 
3.3.3     Low temperature electronic transport and magnetoresistance measurement 
system  
The main focus of this thesis is to understand the interplay between superconductivity 
and magnetism. Therefore, a significant part of the experimental work in this thesis was 
based on the low temperature electronic transport measurement system. The low 
temperature setup is a liquid Helium cryostat supplied by Janis.[183
 
] The cryostat  
 
Figure 3.6 Low temperature MR measurement system. 
 
consists of two dewars separated by a vacuum jacket. The internal dewar contains liquid 
Helium and the outer one is filled up by liquid Nitrogen. The temperature can be easily 
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Moreover, the system contains a rotary pump which is connected to the sample 
chamber and by reducing the pressure inside the chamber, the temperature at the sample 
holder can be reduced to 1.4 K. The cryostat is equipped with a superconducting 
magnet capable of a maximum field of 7 T. All the electronic transport measurement 
was done by using computer controlled data acquisition system. A schematic of the 
measurement system is provided in Fig. 3.6. 
 
The differential conductance and magnetoresistance curves were measured by lock-in 
technique which is typically used to detect very small AC signal up to a few nano volts. 
As the signals from the experiments described in this thesis are quite weak, they are 
often obscured by environmental noise. By using phase-sensitive detection, lock-in 
amplifiers can filter out the noise signal at frequencies other than the reference 
frequency and thus the effect of the noise is eliminated from the measurement.  
 
3.3.4     Challenges in electronic measurement: electrostatic discharge (ESD) 
One of the most difficult challenges in performing electronic transport measurements of 
nanostructures as presented in this thesis is protecting the device against catastrophic 
electrostatic discharge (ESD) phenomenon. ESD corresponds to the transfer of 
electrical charge between two bodies lying at different potentials. The charge transfer 
can be either through direct contact or through an induced electrical field. Any object 
such as human body, work surfaces, clothes, and chairs, when exposed to the 
environment and isolated from electrical ground, can store static charges on it. Such 
kind of static discharge can be lethal for nanostructures as the heat created by it can be 
large enough to damage and break nanowires and junctions. Therefore, after finishing 
sample fabrication, special cares need to be taken always to prevent such kind of 
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unexpected damages. Although a lot of precautions were taken to avoid ESD during 
experiments, the effect could not be fully eliminated in our experiments and sometimes 
the devices were damaged being exposed to ESD. Fig. 3.7 shows optical images of two 
devices which were damaged by such uncontrolled ESD effect. However, by handling 
ESD issue carefully and practicing following preventive measures strictly, the 
probability of such accidental incidents was minimized. 
• Anti-static wrist band should be always worn while preparing electrical 
connection to the samples. Also the end terminal of the wrist band should be 
connected to the electrical ground. 
• During mounting the samples on the sample rod of the cryostat, grounded 
antistatic work mats should be used. 
 
 
Figure 3.7 Optical images of two damaged samples due to electrostatic discharge. 
 
• All the measurement equipments should be connected to common ground. 
• Before changing any connection in the connector box, the body should be well 
discharged by touching to grounded metallic objects. 
• The connector box should be grounded properly. 
100 µm 100 µm 
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• All the external circuitry should be fixed properly by using screws. There 
should not be any connecting point hanging in the air. 
• Before turning on the current source, it should be short circuited. 
 
3.4     Summary 
In this chapter a detailed description of sample fabrication and all kinds of measurement 
techniques used in this thesis have been provided. Moreover, the fabrication equipment 
and measurement systems are also discussed. In a nutshell, the samples were fabricated 
by top-down approach. The patterns were prepared by two different types of 
lithography techniques, named as electron beam lithography and optical lithography. 
The former was used for fabricating finest features and the later was used for preparing 
large sized features such as contact pads. The metal deposition was done by sputtering 
system. Most of the fabrication processes were carried out in clean room environment. 
Optical microscope, atomic force microscopy and scanning electron microscopy were 
used for imaging and measuring dimensions of the samples. Magnetic force microscopy 
was used to characterize the domain structures and magnetic status of the ferromagnetic 
particle at room temperature and remanent condition. Wire bonder was used to connect 
the samples to external measurement circuitry. Low temperature magnetic field 
dependent electronic transport measurement was done in a cryostat and by using a 
computer controlled lock-in measurement setup.  
  
 
Chapter 4  
4.    Study of Superconductor-Normal Metal-Superconductor 
Junction 
4.1     Introduction 
The fundamental principles governing the electronic properties of SC- NM- SC devices 
are the so- called proximity effect and Andreev reflection at SC- NM interface. Due to 
the significant leakage of singlet superconducting condensates into NM side, the 
interface between SC and NM may behave like a series combination of SC- weakly SC 
interface and weakly SC- NM interface. The experimental data for SC- NM- SC 
devices will be discussed considering the presence of such interfaces and their effect on 
Andreev reflection with the aid of BTK theory. [45] Moreover, we studied the effect of 
external magnetic field on the dI/dV characteristics of these samples. In this chapter we 
will discuss the key features observed in these SC-NM-SC devices and provide possible 
theoretical explanations of them which will lay a platform to understand the properties 
of SC- FM- SC devices in chapter 5 and 6. 
 
4.2     Experimental details 
Fig. 4.1(a) shows the SEM image of a device which consists of two lateral SC- NM 
junctions. We used Niobium (Nb) as the superconductor and Copper (Cu) or Ruthenium 
(Ru) as the nonmagnetic material. Nb was used because its superconducting property is 
well studied and it also has a relatively higher superconducting transition temperature 
(9.2 K) compared to other low Tc superconducting materials. At first, the Nb electrodes 
containing a gap of 150 nm were fabricated on oxidized silicon substrate using e-beam 
lithography, sputtering and lift-off techniques. The Nb electrodes were 2.76 µm wide 
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and had a variable thickness ranging from 50 to 90 nm. As shown in the SEM image 
(Fig. 4.1(a)), in addition to the main electrodes for supplying the current, there were 




Figure. 4.1 (a) SEM image of lateral SC-NM-SC device. (b) R-T curve of the lateral 
SC-NM-SC device. 
electrodes were formed, a 2.76 µm×1.95 µm window was opened on the e-beam resist 
coated sample which was centered at the gap. A Cu layer with thickness of 60 nm was 
then sputter deposited on the window area and a subsequent ultrasonic assisted lift-off 
was done to complete the device fabrication process. In order to form a good contact 
between Nb and Cu, the Nb electrodes were cleaned in-situ using an Ar+ plasma at high 
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vacuum prior to the deposition of the Cu layer. All the deposition processes were 
performed at a vacuum better than 8×10-6 Pa. The four-probe transport measurements 
were conducted in a liquid helium cryostat having a lowest temperature of ~1.4 K. A 
magnetic field of up to 6 Tesla was applied to the sample. Differential conductance 
measurements were conducted using the combination of standard lock-in amplifier, 
Keithley 6220 current source and 2182A nanovoltmeter. All the measurements were 
carried out after the temperature was stabilized at each setting point.  
 
4.3     Results of electrical transport measurement 
The electrical transport measurement data for all SC- NM- SC devices are qualitatively 
similar. The samples show a gradual transition from non- superconducting to 
superconducting state in the temperature window. In the following discussion we will 
focus on the results of one typical sample. The sub-gap conductance spectra are flat and 
stay above normal state conductance suggesting the presence of a good and transparent 
interface. The conductance reaches the normal state at a lower bias voltage compared to 
the energy gap of bulk Nb (1.4 meV). Before reaching the normal state it shows a 
pronounced dip at around 0.2 mV. We applied a magnetic field along the direction of 
current flow and the conductance features were destroyed at a magnetic field of 4 T. In 
the following section a qualitative explanation of the observed phenomenon is provided.  
 
4.4     Discussions 
The results of the lateral SC-NM-SC device can be understood by using BTK model 
[45] which is explained below: 
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4.4.1     Blonder-Tinkham-Klapwijk (BTK) model for SC-NM interface 
Following the BTK model discussed in chapter 2, the total current through an SC-NM 
interface can be expressed as  
 
𝐼𝑁𝑆 = 2𝑁𝑠𝑒𝑣𝐹𝑆 ∫ [𝑓(𝐸 − 𝑒𝑉) − 𝑓(𝐸)][1 + 𝐴(𝐸) − 𝐵(𝐸)]𝑑𝐸∞−∞                              (4.1) 
Where 𝑒 is the charge of the electron, 
𝑁𝑠 is the one spin density or states at the Fermi level,  
𝑆 is the area of the SC-NM interface,  
𝑓(𝐸) is the Fermi distribution function and  
𝑣𝐹  is the Fermi electron velocity  
𝐴(𝐸) and 𝐵(𝐸) are Andreev and normal reflection coefficients respectively. 
Therefore, the Conductance 𝐺𝑁𝑆 = 𝑑𝐼𝑑𝑉 is given as  
 
𝐺𝑁𝑆 = −𝑒2𝐴𝑣𝐹𝜌 ∫ (1 + 𝐴 − 𝐵)∞−∞ ?́?(𝐸 − 𝑒𝑉)𝑑𝐸                                                   (4.2) 
 
Where ?́? is the derivative of the Fermi distribution function. The function ?́?  is zero 
everywhere except near 𝐸 = 0 where it has a pulse-shape akin to a delta-function with a 
width proportional to 𝐾𝐵𝑇. When both sides of the interface are normal metal (∆= 0) 
Eq. 4.2 reduces to, 
 
𝐺𝑁𝑁 = 𝑒2𝐴𝑣𝜌1+𝑍2                                                                                                               (4.3) 
 
which can be considered as the conductance of the SC-NM interface at high bias 
voltage. Therefore, the normalized conductance of an SC-NM interface is:  
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= −(1 + 𝑍2)∫[1 + 𝐴(𝐸) − 𝐵(𝐸)][𝑓′(𝐸 − 𝑒𝑉)]𝑑𝐸                                       (4.4) 
 
The above equation is the essence of the BTK theory. A dimensionless parameter 𝑍 was 
introduced in the model to take account of interface transparency where 𝑍 = 0 stands 
for a perfect metallic contact and 𝑍 → ∞ is for a tunnel barrier. As our device consists 
of two interfaces in series, total conductance from them has been taken into account. 
 
Figure. 4.2 (a) Typical dI/dV curve observed in lateral SC-NM-SC device at 1.4 K. The 
conductance is normalized to the conductance of the device at high bias voltage. (b) 
Simulation result following the model of Ref.130. 
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In general, when a bias voltage is applied, non-equilibrium particle distributions will be 
generated and it is normally not allowed to use the Fermi distribution function. But for 
the special case of a ballistic point contact, however, the equilibrium Fermi distribution 
function 𝑓(𝐸) can be used since the electrons are scattered far away from the contact 
and the probability that an incident electron is perturbed by another electron 
participating in the transport is negligible. Therefore, BTK theory has been proved to be 
a strong tool to analyze the conductance of an SC-NM interface. However, in a large 
number of works BTK theory has been applied for samples in the diffusive regime also 
and it has been shown that in spite of not being in the ballistic regime, the devices can 
be well explained by the Eq. 4.4 [131, 184, 185, 186
 
].  
The results observed in our lateral Nb-Cu-Nb sample cannot be fully explained by BTK 
model. Due to quasiparticle tunneling the conductance curve in BTK model shows a 
peak before reaching the normal state conductance whereas in our sample we found a 
dip in conductance spectra. In order to understand the difference between BTK 
prediction and our experimental result we consider charge transfer across the SC-NM 
junction in the framework of a modified version of BTK theory [130] which takes into 
account of superconducting proximity effect in normal metal. In the dirty limit, the 
characteristic length in normal metal over which Cooper pair can diffuse through is 
expressed as � ℏ𝐷
2𝜋𝐾𝐵𝑇
 where ℏ is the Planck’s constant divided by 2𝜋, 𝐷 is the diffusion 
constant, 𝐾𝐵 is Boltzmann constant and 𝑇 denotes the bath temperature. Taking 𝐷 as 
300 cm2/sec [187
47
], at 1.4 K this length becomes about 722 nm which indicates quite 
strong superconducting proximity effect in Cu. This proximity induced region can be 
treated as a weak superconductor with a lower gap energy (Δ1) than that (Δ2) of the 
bulk superconductor [ ]. The AR at interface between such a region and normal metal 
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is limited by Δ1  and hence conductance enhancement due to AR in SC-proximity 
induced superconducting region-NM junction takes place below this lower gap energy. 
This phenomenon can be taken into consideration as a modulation of 𝐴(𝐸) and 𝐵(𝐸) at 
energy between Δ1  and Δ2 . Outside of this range, Andreev and normal reflection 








2−𝐸2�(1+2𝑍2)2  and above-gap 
expression (above Δ2.) 𝑢12𝑣12𝛾22 . [130] Here, 
 
𝑢1
2 = 1 − 𝑣12 = 12 {1 + [(𝐸2 − ∆12 ) 𝐸2]0.5⁄ ,                                                           (4.5)  𝑦12 = 𝑢12 + 𝑍2[𝑢12 − 𝑣12])2                                                                                     (4.6) 
𝑦2
2 = 𝑢12𝑣12+(𝑢22 − 𝑣22)[𝑢22+𝑍2 + (𝑢22 − 𝑣22)𝑍2(1 + 𝑍2)]                           (4.7) 
 
In the above equations, 𝑢1, 𝑢2, 𝑣1 and 𝑣2 are BCS parameters 𝑢 and 𝑣, related to the 
energy scale Δ1  and Δ2  respectively. Reduction of Andreev reflection probability at 
energy above Δ1  and impedance of single quasiparticle current flow due to the 
forbiddance imposed by Δ2 result in a dip structure in the conductance curve between 
Δ1 and Δ2. The simulated conductance curve following Ref. 130 is shown in Fig. 4.2 (b) 
for a comparison with the experimental curve. Δ1, Δ2 and barrier strength 𝑍 are chosen 
as 0.95, 0.35 meV and 0.2, respectively, to match the zero bias conductance. The 
conductance dip found in experiment is at lower bias side than that found in the 
simulation which is not well understood at the moment. Other than this dissimilarity the 
experimental curve qualitatively agrees well with simulation result. 
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4.5     Effect of magnetic field and bias current on dV/dI characteristics 
 
 
Figure 4.3 Magnetic field dependence of dV/dI for SC-NM-SC sample. (a) Shows 
dV/dI with respect to bias voltage and (b) shows that with respect to bias current. 
Curves are shifted vertically for clarity. 
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Fig. 4.3 shows effect of magnetic field on dV/dI characteristics of one SC-NM-SC 
sample. The normal metal used for this sample was Ru. The dV/dI curve shows typical 
resistance peak whose corresponding position in bias voltage axis indicates the energy  
 
Figure 4.4 Magnetic field dependence of dV/dI at different DC bias for SC-NM-SC 
sample. The bottom figure shows the bias dependent resistance of the sample. 
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gap. As the field is applied, the resistance peak position moves to lower bias current. 
This is expected as magnetic field helps destroying superconductivity. To understand  
how the magnetic field interacts with bias current, we performed MR measurement at 
different DC bias. The MR curves follow the similar trend as bias dependent dV/dI  
characteristics. Interestingly, at a bias above 0.14 mA the curve shape is inverted. This 
characteristic is basically determined by the dV/dI curve shape. The current generates a 
circumferential self- field at the surface of the superconductor. In a type 2 
superconductor such as Nb, when this field reaches the lower critical field Hc1, the 
circumferential magnetic vortices start penetrating the material and causing an onset of 
resistance in the superconductor. Moreover, the non-superconducting portion of the 
current also helps to destroy superconductivity due to the Joule heating effect. Thus, 
both current and magnetic field affect superconductivity in a similar fashion. In addition 
to that, due to Zeeman effect, the magnetic field increases electron energy which is 
analogous to a rise in effective voltage caused by the increase in bias current. Therefore, 
an increase in magnetic field is equivalent to an increase in bias current. Above 0.14 
mA, the dV/dI reduces as the bias current is increased. That is why, at this DC bias, an 
increase in magnetic field causes a decrease in dV/dI. 
 
4.6     Summary 
In summary, the lateral SC-NM-SC devices show proximity effect which can be 
qualitatively understood by using a modified version of BTK model. These results 
provide a platform to understand and explain our work on SC- FM hybrid devices, 
which will be presented in next chapter. 
  
 
Chapter 5  
5. Study of Superconductor-Rectangular Ferromagnet-
Superconductor Junction 
5.1    Introduction 
In this chapter we will discuss the results obtained from several lateral SC- FM-SC 
devices. These samples contain inhomogeneous magnetization at the SC- FM interface 
and by performing MR measurement we will show that these samples show sign of 
crossed Andreev reflection (CAR) and/or long range triplet supercurrent (LRTS). A 
quantitative analysis on DW assisted CAR will be presented. Moreover, we propose a 
new modification in the BTK model to take care of spin dependent interface scattering.  
 
5.2     Experimental details 
Fig. 5.1 shows the schematic of the device which consists of two lateral SC- FM 
junctions. We used Niobium (Nb) as the superconductor and NiFe (81% Ni, 19% Fe) as 
the ferromagnetic material. At first, the Nb electrodes containing a gap of 160 nm were 
fabricated on oxidized silicon substrate using e-beam lithography, sputtering and lift-off 
technique. The Nb electrodes were 2 µm wide and had thickness of 90 nm. The device 
structure is quite similar to that of Nb-Cu-Nb sample. A NiFe layer with thickness 
varying from 50 to 90 nm was sputter deposited on the window area and a subsequent 
ultrasonic assisted lift-off was done to complete the device fabrication process. The 
four-probe transport measurements were conducted in a liquid helium cryostat having a 
lowest temperature of ~1.4 K. A magnetic field of up to 6 Tesla could be applied to the 
sample. Differential conductance measurements were conducted using the combination 
of standard lock-in amplifier, Keithley 6220 current source and 2182A nanovoltmeter. 
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All the measurements were carried out after the temperature was stabilized at each 
setting point. In order to observe the magnetic domain structure, the FM portion of the 
SC- FM junction was imaged in ambient environment using DI 3100 SPM from Digital 
Instruments in a tapping/lift mode with tip lift height of 80-120 nm. 
 
 
Figure 5.1 Schematic image of lateral SC- FM-SC device. 
 
 
Figure 5.2 Schematic image of the interfaces of lateral SC- FM-SC devices. The sample 
with 90 nm thick NiFe is predicted to have continuity near the corner region whereas 
sample with 50 nm thick NiFe has discontinuous films at the gap region. 
 
5.3     Film deposition technique 
We used a high vacuum long throw sputtering machine to deposit NiFe inside the gap 
between two Nb strips. In this section, the basic principle of sputtering and the 
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advantages of using long throw sputtering technique will be discussed. 
  
 A "target" of the material to be deposited is placed on an electrode (the cathode) of a 
high-voltage power source. The wafer/substrate is placed on a surface near the target. A 
plasma, typically of argon, is created at the cathode, confined by permanent magnets or 
electromagnets. Ions from the plasma strike the target, releasing material through 
momentum transfer. These sputtered atoms leave the target in all directions, and some 
of them deposit on the wafer surface. 
 
The way in which the source, or target, is designed and fabricated will have a 
significant impact on sputtering results. Depositing materials into high aspect ratio 
trenches is a challenging work. The central problem is the broad angular distribution of 
sputtered flux in most of the normal sputter deposition systems. There are three 
components which contribute to the angular distribution in any system: 
        1. The cosine distribution of particle trajectories from the sputter process itself.  
        2. The area of the target with respect to the substrate.  
        3. The gas phase scattering of sputter flux by background gas between the cathode 
and the substrate. 
  
The result of the broadening of the angular distribution is that the bulk of the material 
deposited over topography lands on upper surfaces, as shown in Fig. 5.3 (a), resulting in 
overhangs and poor coverage of the sidewall and bottom surfaces. This nonconfomal 
coverage can result in the formation of keyhole voids as the contact is filled in. 
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Figure 5.3 (a) Normal sputtering system, (b) long throw sputtering (LTS) system. The 
LTS system gives sharp profile near the side wall.  
(a) 
(b) 
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To overcome the challenge of getting enough material down at the very bottom of the 
trench, the metal flux from the target is given as much directionality as possible so the 
metal atoms can strike the wafer at a 90° angle (with the substrate). The simple way to 
do this is by increasing the distance between the substrate and the target so that the 
angle of deposition will increase. This is the key principal of long throw sputtering 
which has been used for depositing NiFe in our samples. Therefore, in samples where 
NiFe layer is thinner than Nb layer, the interface area can be roughly determined by the 
thickness of the NiFe layer. On the other hand, for samples with thick NiFe layer, it is 
possible to have some materials at the corner region, which creates a continuity of NiFe 
layer and thus bypassing the interface. In the following section we will justify this idea 
by doing simple resistance circuit analysis.  
 
5.4     Resistance network analysis of the device 
Transport study on several lateral SC- FM-SC junction samples have been done where 
thickness of the FM layer have been varied. We will focus on conductance spectroscopy 
of three samples with FM layer thickness of 50, 70 and 90 nm and these are named as 
sample A, B and C for this part of discussion. The Nb layer thickness for all these three 
samples were 90 nm. The normal state resistances for these samples are 8.3, 6.03 and 
1.51 ohm respectively. These resistances have been taken from the experimental 
conductance curves at bias voltage much higher than the superconducting gap energy. 
The only difference in these three samples is that they contain NiFe layer of different 
thickness. These samples were fabricated under similar conditions. Therefore, the 
normal state resistances for these samples were predicted to be inversely proportional to 
the thickness of the NiFe layer. Although sample A and B are in good agreement to this 
prediction, sample C shows a much smaller resistance. By doing a simple circuit 
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analysis for these samples we have found that the NiFe in the overlaid and the gap 
region have continuity near the corner of the sample C which contributes to such a 
small resistance. We used a long throw sputtering system where the source was inclined 
with the horizontal axis by 56 degree and the sample was rotating uniformly. Therefore, 
for samples with NiFe thickness much smaller than Nb thickness have a discontinuity 
near the corner which is schematically shown in Fig. 5.2. In the circuit diagram shown 
in Fig. 5.4 and 5.5, this discontinuity has been modeled as a parallel resistance (Rcorner) 
to the interface resistance between the gap NiFe and Nb as this acts as a bypass channel 
for current at normal state. For samples with NiFe thickness smaller than Nb thickness, 
this Rcorner is infinite and therefore it has been removed in the circuit diagram. The 
resistivities of Nb and NiFe at 10 K are 152 nΩ.m [ 188], and 123 nΩ.m [189], 
respectively. As the resistivities are similar in the normal state, both overlaid NiFe and 
underneath Nb contribute to the total resistance of the device. The voltage probes for 
these samples are 1.38 µm wide and we assume that the effective length of the overlaid 
region contributing to total resistance is half of the width of voltage probe. The interface 
between Nb and overlaid NiFe has been modeled as a series resistance (Rio) with the 
overlaid NiFe resistance. Therefore, if this interface has a large resistance (due to any 
native insulator region formed on top of Nb) all the current will flow through the Nb 
layer. The interface between Nb and overlaid NiFe layer consists of area wider than the 
interface area between Nb and gap NiFe. Therefore, its contribution to the equivalent 
resistance of the device at normal state is small. By calculating the ratio of the interface 
areas, we have found that Rio is smaller than the resistance(Rig) of the interface between 
Nb and gap NiFe by 12.2, 8.71 and 6.78 times for samples A, B and C respectively. 
Moreover, this interface is in parallel to the direction of current flow. So if any potential 
difference is generated at the interface due to mismatch of Nb and NiFe resistivity, it 
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Figure 5.4 Equivalent resistance network for lateral SC- FM-SC device. The top one is 
for the samples where NiFe thickness is equal or higher than Nb thickness. The bottom 
one is for those with thinner NiFe layer.  
 
 
Figure 5.5 Equivalent resistance network for lateral SC- FM-SC device after ignoring 
the interface between the Nb and overlayered NiFe layer. The top one is for the samples 
where NiFe thickness is equal or higher than Nb thickness. The bottom one is for those 
with thinner NiFe layer.  
 
will force the electrons to cross the interface. Therefore, for simplicity, this interface 
resistance can be neglected in our samples. As the electrons travel through gap NiFe 
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been modeled as a series combination of 𝑅𝑖𝑔 and 𝑅3 (gap NiFe resistance). The total 
resistance of the device at normal state for sample A and B is 
 
𝑅𝑡𝑜𝑡𝑎𝑙 = 2 × (𝑅1||𝑅2) + 2𝑅𝑖𝑔 + 𝑅3                                                                            (5.1) 
 
From the experimental data 𝑅𝑖𝑔 for sample A and B have been deduced to be 3.72 and 
2.66 ohm whose ratio is in line with that of the interface area. For sample C, equivalent 
resistance of the device at normal state is given by 
 
𝑅𝑡𝑜𝑡𝑎𝑙 = 1.51 = 2 × (𝑅1||𝑅2) + 2(𝑅𝑖𝑔||𝑅𝑐𝑜𝑟𝑛𝑒𝑟) + 𝑅3                                            (5.2) 
 
Table 5. 1 Resistance contribution from different parts of lateral SC- FM-SC devices 
 
 
The value of 𝑅𝑖𝑔||𝑅𝑐𝑜𝑟𝑛𝑒𝑟deduced is 0.3528 ohm which indicates a ratio of 𝑅𝑖𝑔𝑅𝑐𝑜𝑟𝑛𝑒𝑟 =4.84. This indicates that the corner resistance due to a continuity of the NiFe film 
between the overlaid and the gap region plays an important role to determine the 
conductance spectra especially when the superconductor is at its normal state. Table 5.1 
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5.5     Maxwell and Sharvin resistance for the interface 
The problem of electron transport through an orifice (also known as a point contact) has 
been studied for more than a century. Fig. 5.6 shows the schematic view of such a 
problem. The interface plane between the two conductors is an insulating diaphragm 
with a conducting hole of radius 𝑎. The resistance in the diffusive regime i.e. when 
𝑎 ≫ 𝑙, has been calculated by Maxwell [190
 
]. Here, 𝑙 is the electron mean free path. 
Using the solution of Poisson equation and Ohm’s law, it was found that the resistance 
of such a point contact is 𝑅𝑚 = 𝜌2𝑎 where 𝜌 is the resistivity of the conductor on each 
side of the diaphragm. 
 
 
Figure 5.6 Schematic diagram for which the theory of Sharvin resistance was 
developed. 
 
Later on, Sharvin [191
 
] calculated the resistance in the ballistic regime 𝑙 ≫ 𝑎 
𝑅𝑠ℎ = 43𝜋 × 𝜌𝑙𝑎2                                                                                                              (5.3) 
This ‘‘Sharvin’s resistance’’ persists even for ideal conductors i.e. with no scattering 
and has a purely geometrical origin, because only a finite current can flow through a 
finite size orifice for a given voltage. In the intermediate regime, when 𝑎~𝑙  the 
a
I
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crossover from 𝑅𝑚 to 𝑅𝑠ℎ was studied by Wexler using the Boltzmann equation in a 
relaxation time approximation [192]. The conductance in the transition region from 
Maxwell to Sharvin limit can be compared with the naive interpolation formula which 




𝑅𝑐 = 43𝜋 × 𝜌𝑙𝑎2 + 𝜌2𝑎 𝛤(𝐾)                                                                                              (5.4) 
 
where Γ(k) is Knudsen function which depends on 𝑙/𝑎. Its value ranges from 0.7 to 1. 
For 𝑙/𝑎 < 0.1 the value is near to 1. This model for calculating interface resistance can 
be applied to our device by assuming that the total rectangular area of the interface can 
be considered as a circular area. Thus the contact sizes for the samples A, B and C are 
deduced to be 178, 211 and 239 nm respectively. As the constriction in our case is 
determined by NiFe thickness, taking the literature value of 𝑙 = 2.3 nm [194
 
] and  
 
Figure 5.7 A comparison between theoretical and experimental contact resistances for 
sample A, B and C. 
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𝜌 = 123 𝑛Ω.𝑚 of NiFe and Γ(k) = 1, we have derived the resistance of the interfaces 
for these samples as 0.349, 0.294 and 0.259 ohm respectively. Fig. 5.7 shows a 
comparison between the theoretical interface resistances and those values deduced from 
the experiments. For the sample with 90 nm thick NiFe the values match well whereas 
the other two samples have higher resistance than theoretical expected values. This 
indicates additional contact resistance coming from a barrier at the interface. The Eq. 
5.4 does not include the effect of interface barrier due to the native oxide layer, lattice 




Figure 5.8 R-T curves for (a) sample A, (b) sample B and (c) sample C. 
 
All these factors will be taken care of in the analysis of conductance spectra by using a 
dimensionless barrier strength Z. The details of the effect of Z are discussed in the 
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subsequent sections. From the discussion of this section it can be claimed that Z has a 
significant value for the samples A and B whereas it is negligible for the sample C. Fig. 
5.8 shows R-T curves for the samples A, B and C. The critical temperatures (Tc) 
for these samples were found as 4.5, 6.3 and 8 k respectively which are lower than the 
bulk Tc~9.2 K of Nb. 
 
5.6     Proximity effect in superconductor-ferromagnet-superconductor device 
The penetration depth of Cooper pair wave function into ferromagnetic side is  
drastically reduced as compared to the NM-SC case. The reasons behind this are 
twofold. Firstly, since the electrons in the Cooper pair have opposite momentum, the 
Lorentz force generated by stray magnetic field acts on them in opposite directions. As 
the field is increased the gain in momentum also increases which is equivalent to an 
increase in energy. When this energy gain is close to the pair formation energy ∆0, the 
Cooper pair splits up. Another reason is the phenomenon known as paramagnetic effect 
which occurs as exchange field, in a magnetically ordered state, tries to align spins of 
Cooper pairs in the same direction and thus impeding pairing effect. The penetration 
depth of Cooper pair in a ferromagnet, known as coherence length (𝜉𝐹 ), is given 
by  D/𝐸𝑒𝑥 where. 𝐸𝑒𝑥 ≫ 𝐾𝐵𝑇 . Here 𝐸𝑒𝑥 is the exchange energy and 𝐷 = 𝑣𝐹𝜆𝑒/3 is 
electron diffusion coefficient in the ferromagnet, where 𝑣𝐹 is the Fermi velocity and 𝜆𝐸 
is the electron mean free path. Using typical values taken from literature [195, 196
 
]  as 
𝐸𝑒𝑥 = 270 meV and 𝐷 = 43 cm2/sec at 4.2 K, 𝜉𝐹  is calculated to be about 3.2 nm. On the 
other hand, the gap between two Nb electrodes in our sample was 150 nm. Therefore, 
the contribution of proximity effect in transport characteristics of our SC- FM-SC 
device is negligible. 
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5.7     Magnetic field dependence of the differential conductance spectra 
5.7.1     Key features observed 
Now we turn on to the conductance spectra of the samples A, B and C under magnetic 
field. The field was applied in-plane and along the Nb strip. Fig. 5.9 (a), (b) and (c) 
show the conductance curves for sample A, B and C respectively at 1.4 K. The curves 
are shifted vertically for clarity. The conductance spectra show distinctive features in 
both sub gap and above gap regions. In the sample A, when no magnetic field is 
applied, a dip in conductance curve was observed near zero bias region. As an in-plane 
magnetic field is applied along the Nb electrodes, the amount of the dip starts 
decreasing and at around 0.3 T it becomes quite flat. As the field has been increased 
more, the dip basically converts to a peak structure. We attribute this phenomenon as a 
manifestation of the effect of spin dependent barrier strength on Andreev transport 
characteristics of SC- FM interface. This will be discussed in detail in the following 
sections. A reproducible dip in the conductance curve has been observed in the above-
gap region (at around 6.4 meV). Upon applying magnetic field, the position of this dip, 
as well as the peak structures in the sub-gap region shift gradually towards lower bias 
indicating that these features are related to the energy gap of the superconductor. The 
conductance spectra of sample B show a peak like structure at zero bias and a large 
transition region before reaching the normal state conductance. The peaks are much 
higher than the normal state conductance indicating an appreciable resistance 
contribution from different parts of the device. The sample C shows a flat feature near 
zero bias region whose width gradually shrinks with application of magnetic field 
indicating the resemblance with the dependence of energy gap with magnetic field. Up 
to 0.8 T the curves show a negative slope with respect to bias voltage near the end of 
the transition region and above that field, it converts into a positive sloped curve. 
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5.7.2     BTK model for spin polarized case 
The phenomenon of AR process in SC- FM junction differs from that in the SC-NM 
junction. Soulen et al. [6] experimentally showed that for SC- FM junction the AR 
probability is suppressed due to unavailability of a certain spin band electron in the 
Fermi level. Later the BTK model was modified by Strijkers et al. [130] to take into 
account of spin polarization effect on the AR process. According to their model, total 




𝐼𝑢 + 𝑁↑−𝑁↓𝑁↑+𝑁↓ 𝐼𝑝 = (1 − 𝑃)𝐼𝑢 + 𝑃𝐼𝑝                                                               (5.5) 
 
where 𝑃 is spin polarization factor, 𝑁 ↑and 𝑁 ↓ are the density of states for majority 
and minority spin electrons at the Fermi level. (1 − 𝑃)𝐼𝑢 takes care of fully unpolarized 
current for which AR is allowed and 𝑃𝐼𝑃 is the fully polarized current for which AR is 
forbidden. Below Δ, the AR probability (A) and normal reflection probability (B) for 
fully unpolarized current are the same as those predicted by the BTK model for NM-SC 
junction while for polarized current they are 0 and 1, respectively. The modified BTK 
coefficients for Andreev reflection probability of unpolarized and polarized current are 
denoted as 𝐴𝑢 and 𝐴𝑃 respectively, whereas the normal reflection coefficients for those 
are expressed as 𝐵𝑢  and 𝐵𝑃  respectively. The expressions for these modified 
coefficients are shown in table 5.2. 
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Figure 5.9 dI/dV curves at 1.4 K under different in-plane magnetic field for (a) sample 
A, (b) sample B and (c) sample C. The curves are normalized and vertically equally 
shifted for clarity. 
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2 = 𝑢02𝑣02+(𝑢02 − 𝑣02)[𝑢02+𝑍2 + (𝑢02 − 𝑣02)𝑍2(1 + 𝑍2)                            (5.6) 
𝑦2
2 = (𝑢02−𝑣02)[𝑢02+𝑍2 + (𝑢02 − 𝑣02)𝑍2(1 + 𝑍2)]                                           (5.7) 
 







                                                                                                               (5.8) 
𝐵𝑝 = 𝐵𝑢1−𝐴𝑢                                                                                                                      (5.9) 
and following the BTK model, the conductance of an SC- FM interface can be derived 
as  
 
𝐺𝐹𝑆 = −𝑒2𝐴𝑣𝐹𝜌[(1 − 𝑃)� (1 + 𝐴𝑢 − 𝐵𝑢).𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞
−∞
 
                                                    +𝑃 ∫ �1 + 𝐴𝑝 − 𝐵𝑝�.𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞−∞ ]              (5.10) 
 
At bias voltage much higher than the energy gap, this equation converts to 𝐺𝑁𝑁 =
𝑒2𝐴𝑣𝐹𝜌
1+𝑍2
, which is the normal state conductance of the junction. Therefore, the 
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= −(1 + 𝑍2)[(1 − 𝑃)� (1 + 𝐴𝑢 − 𝐵𝑢).𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞
−∞
 
+𝑃 ∫ �1 + 𝐴𝑝 − 𝐵𝑝�.𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞−∞ ]                                                     (5.11) 
 
5.7.3     Effect of spin dependent barrier strength on the transport characteristics of SC- 
FM interface 
Due to the lifting of spin degeneracy, the description of the interface between 
ferromagnetic and nonmagnetic elements is crucial to understand the electron transport 
behavior of SC- FM interfaces. It has already been proved that different spin electrons 
possess different electronic transmission probabilities during tunneling through the 
interfaces which is now widely known as magnetoresistance effect [197]. In addition to 
this, the phases of the scattered electrons also depend on the spin in general. This spin 
dependent interfacial phase shift (SDIPS) has already been found to affect the behavior 
of many different types of mesoscopic devices like ferromagnetic electrodes connected 
to diffusive normal-metal islands [198, 199], and Coulomb blockade systems,[200] The 
SDIPS can also lead to numerous types of consequences in SC- FM hybrid systems 
[201, 202]. For example, it can produce effective field effects in superconducting 
electrodes [203] or a phase shift of the spatial oscillations of the superconducting 
correlations induced by the proximity effect in a diffusive FM electrode [204]. More 
importantly, this kind of spin dependent interface effect can give rise to significant 
change in overall conductance spectra of an SC- FM junction [205
 
]. 
In most of the SC- FM point contact cases, the experimental results are interpreted in 
terms of the spin dependent BTK model as explained in the previous section. The 
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description of an SC- FM interface in terms of a delta function barrier naturally includes 
a finite SDIPS, but does not allow one to include the effects of different spin dependent 
barrier strength separately. Therefore, we propose a modification in the so-called spin 
dependent BTK model to take care of this fact and this is discussed in detail below: 
From the BTK model, the dimensionless barrier strength parameter Z can be written 
as 𝑍 = 𝑚𝐻
ℏ2𝑘𝐹
 where 𝐻 is the barrier strength with the unit eV.nm. This barrier strength 
can be different for majority and minority spin electrons. Therefore, the expressions for 
𝑍 parameter can be written as: 
 
𝑍↑ = 𝑚𝐻↑ℏ2𝑘𝐹                                                                                                                     (5.12) 
𝑍↓ = 𝑚𝐻↓ℏ2𝑘𝐹                                                                                                                     (5.13) 
 
where  𝐻↑ and𝐻↓ are the strengths of the interface delta barriers for majority and 
minority spin electrons. We assume that the difference in barrier strengths mainly stems 
from the effect of exchange energy in the ferromagnetic materials right at the interface. 
The exchange energy affects the different spin electrons in opposite way. For example, 
the wave vectors of majority and minority spin electrons in the ferromagnet are 
expressed as: 
 
𝑘↑ = �(2𝑚 ℏ2⁄ )(𝐸𝐹 + ℎ𝑒𝑥)                                                                                      (5.14) 
𝑘↓ = �(2𝑚 ℏ2⁄ )(𝐸𝐹 − ℎ𝑒𝑥)                                                                                      (5.15) 
 
Following the same analogy, 𝐻↑ and 𝐻↓ can be written as: 
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𝐻↑ = 𝐻 + ℎ𝑒𝑥………………………………………………………………….….(5.16) 
𝐻↓ = 𝐻 − ℎ𝑒𝑥……………………………………………………………………...(5.17) 
 
Therefore, the dimensionless barrier strength parameter 𝑍 can be re-written as: 
 
𝑍↑ = 𝑚(𝐻+ℎ𝑒𝑥)ℏ2𝑘𝐹 = 𝐻+ℎ𝑒𝑥ℏ2𝑣𝐹                                                                                                (5.18) 
𝑍↓ = 𝑚(𝐻−ℎ𝑒𝑥)ℏ2𝑘𝐹 = 𝐻−ℎ𝑒𝑥ℏ2𝑣𝐹                                                                                                (5.19) 
 
Thus, an increase in exchange energy raises 𝑍↑  and decreases 𝑍↓ . Taking the Fermi 
velocity of NiFe from the literature [194] as 2.2 × 105 m/sec, the above equations can 
be expressed as: 
 
𝐻 + ℎ𝑒𝑥 = 0.1446𝑍↑                                                                                                 (5.20) 
𝐻 − ℎ𝑒𝑥 = 0.1446𝑍↓                                                                                                 (5.21) 
 
where 𝐻 ± ℎ𝑒𝑥 is in the unit of eV.nm.  
 
From the resistance analysis it has been confirmed that voltage drop for the sample A is 
mainly occurring at the interface. Therefore, the magnetic states of NiFe right at the 
interface affects the conductance spectra of the device. Due to lattice mismatch, 
formation of amorphous interfaces and a breakdown in the crystal structure a 
substitutional intermixing of the constituent atoms are predicted to occur at the 
interface. The high moment Fe atoms are surrounded by Nb and very weakly magnetic 
Ni. Due to large distance between Fe atoms, the exchange interaction is substantially 
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weakened and the spins disorder [194, 203, 206, 207
 
] This is because of the different 
exchange field direction caused by differently oriented magnetization vector. But as a 
small magnetic field is applied, the moments of the Fe atoms become more aligned and 
therefore the exchange field works on a certain direction leading to an increase in 
effective exchange energy felt by the itinerant electrons. Thus the change in magnetic 
field can cause a significant change in the spin dependent barrier strength parameter. 
To take account of effect of spin dependent Z parameter on the transport property of 
SC- FM junction, we follow the similar framework as described in section 5.6.2 with 
the following modifications in BTK coefficients: 
  




2= 𝑢02𝑣02+(𝑢02 − 𝑣02)[𝑢02+𝑍 ↓2+ (𝑢02 − 𝑣02)𝑍 ↓2 (1 + 𝑍 ↓2)] 
𝑦1 ↑
2= 𝑢02𝑣02+(𝑢02 − 𝑣02)[𝑢02+𝑍 ↑2+ (𝑢02 − 𝑣02)𝑍 ↑2 (1 + 𝑍 ↑2)] 
𝑦2 ↑
2= (𝑢02−𝑣02)[𝑢02+𝑍 ↑2+ (𝑢02 − 𝑣02)𝑍 ↑2 (1 + 𝑍 ↑2)] 
 
The reason for such kind of modification is that the Andreev current in SC- FM 
interface is dominated by number of minority electrons and therefore, the Andreev 
reflection coefficients for unpolarized current (𝐴𝑢 and 𝐵𝑢) should be governed by 𝑍↓. 
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On the other hand, the polarized current only consists of majority electrons and 
therefore the reflection coefficient for polarized current (𝐵𝑃) will be determined by𝑍↑. 
Therefore, the conductance of an SC- FM interface can be written as:    
 
𝐺𝐹𝑆 = −𝑒2𝐴𝑣𝐹𝜌[(1 − 𝑃)� (1 + 𝐴𝑢↓ − 𝐵𝑢↓).𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞
−∞
 
                                            +𝑃 ∫ �1 + 𝐴𝑝↑ − 𝐵𝑝↑�.𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞−∞ ]………..(5.22) 
 
where𝐴𝑝↑ = 0. Following this equation the normal state conductance can be derived as: 
 
𝐺𝑁𝑁 = 𝑒2𝐴𝑣𝐹𝜌 �1+𝑍↑2+𝑃�𝑍↓2−𝑍↑2�(1+𝑍↓2)(1+𝑍↑2) �……………………………………………...(5.23) 
 
So, the normalized conductance for one SC- FM interface is: 
𝐺𝐹𝑆
𝐺𝑁𝑁
= − (1 + 𝑍 ↓2)(1 + 𝑍 ↑2)1 + 𝑍 ↑2+ 𝑃(𝑍 ↓2− 𝑍 ↑2) × [(1 − 𝑃)� (1 + 𝐴𝑢 − 𝐵𝑢).𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞−∞                                                    +𝑃 ∫ �1 + 𝐴𝑝 − 𝐵𝑝�.𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞−∞ ]            (5.24) 
 
Due to our special device geometry, total resistance = 2× resistance from one interface 
+𝑅𝑐, where 𝑅𝑐 takes care of the resistance contribution from the NiFe at the gap and 
any contribution from the electrodes. Therefore, total normal state resistance is  2
𝐺𝑁𝑁
+
𝑅𝐶 and the normalized conductance for the device is 
𝐺𝐹𝑆(2+𝐺𝑁𝑁𝑅𝐶)
𝐺𝑁𝑁(2+𝐺𝐹𝑆𝑅𝐶). Following this we 
have done simulation and tried to fit it with the experimental curves. The experimental 
graphs were normalized to its conductance at bias>>∆  and the comparison with 
simulated curves are shown in Fig. 5.10. An excellent agreement between simulation 
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result and experimental data has been observed. 
The choice of the values of parameters such as energy gap ∆, spin dependent barrier 
strength 𝑍↑, 𝑍↓, spin polarization 𝑃 and contact resistance 𝑅𝐶  affect the simulated curve 
shape significantly. The energy gap used for all the simulation has been fixed at 0.68 
meV. The critical temperature (𝑇𝐶) for this sample is 4.5 K. The gap energy calculated 
from BCS theory, ∆= 1.76𝐾𝐵𝑇𝐶  is 0.683 meV which matches very well with the value 
used in simulation. The polarization value of 37% for NiFe has been taken from 
literature [6] and the real experimental temperature has been used for the simulation. 
The value of 𝑅𝐶  used was constant at magnetic field below 0.15 T after which it was 
increased slightly. This can be possible as a small resistance might be added when Nb 
enters into a mixed resistive state. At zero field, 𝑍↑=𝑍↓ which indicates presence of 
negligible exchange energy which could be due to highly disordered magnetic moments 
of NiFe at the interface. As the field is increased, 𝑍↑ is increased and 𝑍↓ is decreased. 
However, the initial value of  𝑍↑ = 𝑍↓ at zero field has been used a fitting parameter and  𝑍↑ = 𝑍↓ = 0.22 provides a good matching between simulated and experimental curves. 
 
Due to exposure in atmospheric environment, there is an oxide layer present on top of 
Nb. Typical thickness of this oxide layer is about 6 nm. The first 2 nm is NbO which is 
semiconducting with very high density of states (1020/𝑐𝑚3). The rest 4 nm is Nb2O5 
which is semiconducting, microcrystalline and amorphous with very low density of 
states [208]. Assuming an oxide layer of 6 nm thick we calculated the difference 
between 𝐻↑ and 𝐻↓ and plotted it with respect to magnetic field which is shown in Fig. 
5.11.  
Chapter 5 Study of Superconductor-Rectangular Ferromagnet-Superconductor Junction 




        
Figure 5.10 Comaprison of experimental dI/dV data with BTK model incorporating 
spin dependent barrier strength.  
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The magnetic moments at the interface become more aligned as the field increases. At 
0.3 T the barrier strength difference reaches 124 meV, as shown in Fig. 5.11. This value 
is of the similar order as the exchange energy (95-270 meV) of homogeneous NiFe 
found in the literature [194, 195, 209
 
]. However, due to the significant effect of 
magnetic field on Nb electrode itself, the conductance curves at higher field could not 
be simulated and therefore, whether the trend shown in Fig 5.11 reaches a saturated 
state at a certain field remained as an unsolved issue. We did not observe similar trend 
in conductance curves for samples B and C as seen in sample A. This might be due to 
the reason that samples B and C show multidomain state at the SC- FM interface. As it 
will be discussed in more detail in section 5.8, these samples show sign of CAR and 
LRTS. The effect of magnetic field on these phenomena is opposite to that on spin 
dependent interfacial barrier model and hence magnetic field response of differential 
conductance curves for sample A is different from that of sample B and C. 
As shown in Fig. 5.9 (b), sample B shows a sharp peak in conductance near zero bias. 
The transition region before reaching the normal state is as wide as wide as 2 meV. 
Although the difference between theoretical and experimental resistance indicate the 
presence of high 𝑍 value in this sample, due to the large transition region and sharpness 
of the peak the effect of the spin dependent barrier strength may be obscured. For 
sample C, the calculated and experimental value (𝑅𝑖𝑔||𝑅𝑐𝑜𝑟𝑛𝑒𝑟) matches well which 
indicates that the 𝑍 value is very small for this sample. Therefore, we did not observe 
any 𝑍 dependent feature in this sample also. Also for sample B and C a quantitative 
analysis following BTK model is difficult due to a significant resistance contribution 
from the electrodes. 
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Sample C shows an interesting feature before reaching its normal state conductance. 
The slope of the conductance is negative up to 0.8 T. But above this field it suddenly 
converts into a positive slope. The energy gap reduces sharply after this field and it 




Figure 5.11 Magnetic field dependence of barrier strength for up and down spin 
electrons. 
 
5.7.4     Finite bias conductance dip 
Apart from the features seen inside the energy gap, the conductance spectra of sample 
A shows a pronounced and reproducible conductance dip at higher bias. These dips 
follow the similar trend with respect to applied magnetic field as the dip near energy 
gap does. Moreover, from the Fig. 5.9 (a), we can identify a comparatively smaller dip 
in between (around middle) the two dips at around 1.6 and 6.7 meV. None of these 
features is at any harmonic of the gap energy. So far, several groups have observed this 
kind of phenomena in various kinds of devices containing superconducting elements 
which are summarized as below.  
 
















Magnetic field ( T)
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Anomalous finite bias conductance dip was observed by C. Nguyen et al. in InAs-AlSb 
quantum well with superconducting Nb electrodes [ 210
   
]. The position of the 
conductance dip with variation in temperature followed similar trend as energy gap 
does. This was attributed to multiple Andreev reflection (MAR) process. As the bias 
voltage increases far above gap energy, a lot of quasiparticles are injected into the 
superconductor which recapture the holes produced by MAR. The net result is a 
reduction of excess current in the Nb electrode which turns into a conductance dip at 
finite bias voltage.  
P. Xiong et al. have observed the finite bias conductance dip in a lateral, overlayered 
Nb-Ag silver junction in both highly transmissive and tunneling limit [79]. The dips 
could be sharp or broad and their position in the bias voltage scale varied from slightly 
above the gap to an order of magnitude higher. Very importantly, those dips were not at 
any harmonic of energy gap in Nb. The dip positions followed the similar trend with 
magnetic field as the energy gap did and hence the features were attributed to the 
superconducting property of Nb. The bias current density corresponding to the 
conductance dip position was 6101× A/cm2. Such a large current density can cause 
“depairing” near the S-N interface and can affect the local contact resistance. A small 
variation in this contact resistance can lead to a dip in the differential conductance 
curve. 
 
Finite bias conductance dips have also been observed in SC-NM point contact geometry 
[81]. The position of the dips in this work was found to be linearly related to the square 
root of contact resistance. The features were attributed to destruction of 
superconductivity by magnetic field produced by current flow through the contact. 
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Although different mechanisms have been proposed for the observed conductance dips 
at finite bias in different kinds of geometries, the basic idea behind these is the 
reduction of excess current in superconductor at high bias. All superconducting 
materials have a maximum limit of the supercurrent density above which it gradually 
(for type 2 SC) enters into a resistive state. In the resistive state, the Joule heating also 
assists the superconductor in converting to the normal state. The high bias conductance 
dips in our sample was observed at 0.84 mA bias which indicates a current density of 
61084.0 × A/cm2. As stated in reference 79, such a large current can change the phase 
of the superconductor near the interface. Hence we also relate these features to 
reduction of excess current by destroying superconductivity due to high bias current and 
associated Joule heating at the superconducting to non- superconducting transition 
region. 
 
5.8     Effect of magnetic field on zero bias conductance (ZBC) 
Now let us focus on the ZBC characteristics of sample A, B and C. A certain degree of 
overlap between NiFe and the underlying Nb at both sides of the gap was intentionally 
done in our device design as the motivation of studying these samples was to observe 
the interplay between superconductivity and domain walls. If the NiFe layer was 
formed only inside the gap, it would most likely have been a single domain structure 
with the magnetization pointing along the gap direction because the gap length is much 
smaller than the width of Nb strip and shape anisotropy would be the dominant factor to 
decide the magnetic structure of NiFe. In the current design with substantial 
overlapping at both sides, multiple domain structures are expected to form in the 
overlapping region which in turn will extend over the gap so that the gap region will 
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also have a multiple domain structure at remanent state. MFM images shown in Fig. 
5.13 confirm the presence of multiple domain walls at the gap for sample B and C. 
  
For sample A the thickness of NiFe is much smaller than that of Nb. As discussed 
earlier, for this sample we predict a discontinuity in NiFe layer between the overlapped 
and the gap region. As a consequence, due to shape anisotropy, the NiFe in the gap 
region might be in single domain state. Due to misalignment of the NiFe layer with the 




Figure 5.12 SEM, MFM and schematics of cross-section for sample A, B and C (top to 
bottom).  
 
this sample. Therefore, one of the overlapped regions shows a single domain state and 
the other shows a multi-domain state. Fig. 5.13 shows the variation of ZBC with respect 
to in-plane (along the Nb strip) magnetic field for sample B and C respectively. We 
have plotted the difference between ZBC at no field and ZBC at certain field with 
respect to magnetic field. The ZBC has been calculated by averaging three data points 
around zero voltage. For sample C a sharp reduction in ZBC is observed when the 
magnetic field is increased from zero to around 0.05 T. We assume this field as a point 
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where the magnetization switching is completed. The reduction is around 2.5% of the 
ZBC at no field. The curve stays at a nearly constant level up to 1 T. Beyond this field it 
starts reducing quickly and significantly. For sample B the initial reduction of ZBC is 
4.7% which continue up to around 0.15 T and significant reduction starts after 2 T. The 
steady and significant decrease of ZBC after a certain high field is a manifestation of 
destruction of superconductivity in Nb. A conductance contribution from Nb electrodes 
is inevitable for our samples and it is required by the fact that we are studying the SC- 
FM junctions; therefore the voltage probes must be at the SC side of the junction. The 
initial sharp reduction and a constant level of ZBC up to a certain field indicate that the 
low field variation does not include any contribution from the Nb electrodes but from 
the two SC- FM junctions and the ferromagnetic portion between them. We believe this 
reduction in conductance is due to the decrease in CAR probability led by the 
annihilation of domain walls in the ferromagnetic portion near the interface. Also the 
generation of LRTC in SC near the interface and its penetration through the 
ferromagnetic portion may assist this phenomenon to be observed. Together with the 
ZBC variation we have also plotted the variation in normal state conductance with 
magnetic field. For sample B and C this variation is clearly lower than that of ZBC. The 
variation in normal state conductance also follows the similar trend as the ZBC and 
reflects the possibility of its association with the magnetic domain state of NiFe. As the 
field is increased, the domains align in the direction of field. The direction of current 
flow for these devices is along the magnetic field direction. Therefore, a small 
magnetoresistance (MR) effect can arise due to the relation between the magnetization 
direction and current flow direction. However, as stated earlier, this variation is much 
lower in amplitude than that of ZBC indicating that the later cannot be only due to well 
known MR effect. 
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Figure 5.13 The variation of ZBC and normal state conductance with magnetic field. 
(a), (b) and (c) are representing sample A, B and C respectively. 
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As we discussed above, bridges made of domain walls connect the two superconducting 
leads in sample B and C. These DWs can separate ferromagnetic regions with opposite 
magnetization and constituents of Cooper pair can be sourced by them. Therefore, at 
bias below Δ, a finite value of Andreev conductance can be found for any value of spin 
polarization of the ferromagnet. The value of conductance due to this kind of CAR has 
been predicted to be proportional to the total DW length present at the interface [10]. 
The total zero bias Andreev conductance of our device can be split in two parts: one 
belongs to the mere SC- FM junction (𝐺𝐼 ) while the other is the DW contribution 
(𝐺𝐷).Assuming that the superconductor is in dirty limit, 𝐺𝐼 and 𝐺𝐷  can be calculated 
from the following equations [10]:  
 
𝐺𝐼 = 4𝑆𝑔↓𝑔↑𝜋𝑒2𝑁𝑆∆𝜉0                                                                                                              (5.25) 










                                                                                               (5.27) 
 
where 𝑆 is junction area, 𝑔↑ and 𝑔↓ are junction normal conductance per unit area for 
↑ spin and ↓ spin electrons, respectively, 𝑁𝑆 and 𝜉0 are the density of states and 
coherence length of the superconductor, respectively,  𝐿𝐷  is the total length of the 
DW, 𝐹(𝑥) is a function of 𝑥 = 4𝛿
𝜋𝜉0





). Taking typical values of 𝛿 = 100 nm and 𝜉0 = 40 nm yield 𝑥 = 3.18 and 
𝐹(𝑥) = 0.2650. We assume junction normal state conductance 𝑔 = 𝑔↑+𝑔↓ and a spin 
Chapter 5 Study of Superconductor-Rectangular Ferromagnet-Superconductor Junction 
National University of Singapore 102 
polarization value of 37% which yield 𝑔↑=0.685𝑔 and 𝑔↓ = 0.315𝑔. Several domain 
walls are present at the interface and it is difficult to find out the exact number from 
MFM image. Therefore, following the domain structure of the overlayered region in 
sample B, we assume four domain walls are present at the interface. The total CAR 
conductance is the summation of each individual channel contribution and the effective 




𝐼 = 0.48% for sample B.  
The fact that the experimental result for sample B and C are a bit higher than that 
expected from these calculations indicates the possible generation of LRTS and its 
propagation through the inhomogeneous magnetic portion in these devices. Both 
conventional singlet Cooper pairs and unconventional LRTS can be generated at the SC 
side. But the penetration depth of singlet Cooper pair wave function into ferromagnetic 
side, known as coherence length (ξF), is very small and for NiFe it is in the order of few 
nanometers. Since the gap between two superconducting electrodes in our sample is 
much higher than this, it is very unlikely to get a contribution from singlet 
superconductivity in ZBC. On the other hand, the penetration length for LRTS in 
inhomogeneous magnetic material can be much larger than ξF and it is not suppressed 
by the exchange field. Upon applying a small magnetic field, magnetization in NiFe 
becomes homogeneous and generation of LRTS is impeded. Therefore, to get a more 
precise understanding of the effect observed in our devices, a theoretical calculation 
accounting conductance contribution from both CAR and LRTS is required. 
 
The ZBC of sample A shows a characteristic distinguishably different from that of other 
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samples. It does not show any reduction at low field rather it increases by almost 0.8% 
up to a magnetic field of 0.4 T. The absence of decreasing feature of ZBC is a clear 
indication that there is neither CAR nor LRTS propagation for this sample. This is in 
line with the prediction of having single domain state in the NiFe at the gap region and 
the fact that in absence of multiple domains state no conductance contribution from 
CAR or LRTS penetration is possible. The slight increase of ZBC might be a 
manifestation of the spin dependent barrier strength as discussed in section 5.6.3. 
 
5.9     Summary 
In summary, we have observed two novel phenomena in our lateral SC- FM rectangle-
SC devices. The first one is the change in shape of the conductance curves by magnetic 
field. To analyze these features, we propose to include spin dependent barrier strength 
in BTK model which can be modified by applying magnetic field. In addition to these, 
clear indication of domain wall assisted CAR and/ or generation of long range triplet 
component of superconductivity have been observed. 
 
  
Chapter 6  
6.     Study of Lateral Superconductor-Ferromagnet Disk-
Superconductor Junction 
6.1     Introduction 
In the previous chapter we showed that presence of domain wall (DW) at 
superconductor (SC)- ferromagnet (FM) interface gives rise to magnetoresistance (MR) 
signal which could be due to either DW assisted crossed Andreev reflection (CAR) or 
long range triplet superconductivity (LRTS). However, from those experiments we 
were unable to conclude exactly which mechanism is responsible for the observed MR 
signal. In this context, we design a new type of SC- FM – SC device where the FM is 
patterned in a circular shape. This kind of shape provides a continuous rotation of 
magnetization and which enables to realize SC- inhomogeneous FM interface. The key 
difference between this setup and the device discussed in chapter 5 is the absence of 
places with oppositely magnetized domain in the FM. Therefore, due to inhomogenity 
of FM at the interface, it is expected that signal due to only LRTS might be captured in 
this case and as no domain wall is present, CAR should be absent. Therefore, this 
chapter should help to identify whether the MR data shown in chapter 5 were due to 
domain wall assisted CAR or LRTS. In addition to this, we show that by varying the 
gap between superconducting electrodes, magnetization reversal process and the MR 
from different portions of the FM disk can be probed effectively. The key idea behind 
this is that the SC- FM interface’s electronic transport property is directly related to 
energy gap which can be affected by the stray field produced by the FM region during 
magnetization reversal process. These results, in association with micromagnetic 
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simulation and theoretical AMR calculation can shed light on FM disk’s magnetization 
reversal process. 
 
6.2     Experimental details 
Fig. 6.1(a) shows the atomic force microscopy (AFM) image of one of the measured 
SC-FM disk-SC devices. Two types of samples were measured which we denote as 
type A and type B. For type A, the electrode gap was 630 nm whereas for type B, it was 
150 nm. The samples were fabricated by using e-beam lithography, sputtering and 
conventional lift-off techniques. A circular disk of NiFe (Ni0.81Fe0.19) with 1 µm 
diameter was drawn on PMMA resist first by using e-beam lithography. To obtain a 
sharp edged pattern, the e-beam current was set to a very small value (50 pA). After 
developing the pattern by using 1:3 MIBK : IPA solution it was dried by using dry 
nitrogen gas and then transferred to the sputtering chamber. A film of 30 nm thickness 
was deposited in a high vacuum environment. After finishing the lift off of unwanted 
materials, it was moved to second step lithography and sputtering. Now, centering the 
dot, two Nb electrodes with a gap of 630 nm (type A) or 150 nm (type B) and width of 
2 µm and thickness of 90 nm were fabricated in this step. Prior to each deposition step, 
the samples were pre-cleaned by Ar+ plasma to clean the substrate and achieve a good 
contact between Nb and NiFe. In addition to the main electrodes for supplying the 
current, there were also two side electrodes (V+ and V-) added for the measurement of 
voltage signal. All the deposition processes were performed in a vacuum better than 8×
10-6 Pa. The four-probe electrical transport measurements were performed in a liquid 
helium cryostat having a lowest temperature of 1.4 K. The magnetic field was applied 
in plane and along the direction of current flow. Differential conductance and MR 
measurements were performed by using a small AC current (0.2 µA to 50 µA amplitude 
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and 991 Hz frequency) superimposed on dc bias current and standard lock-in technique. 
However, for low field MR measurement, the DC bias current was set to zero. To avoid 
any effect of temperature fluctuation, all the measurement were done after stabilizing 
the temperature to a certain set value. 
 
 
Figure 6.1 (a) Atomic force microscopy image of type A sample (electrode gap 630 
nm), (b) room temperature magnetic force microscopy image of one FM disk of same 
dimension used in SC- FM-SC devices. The black dot at the center represents the vortex 
core. (c) Micromagnetic simulation image of the FM disk showing the vortex core at 
the center. 
 
6.3    Differential resistance characteristics under zero field 
Fig. 6.2 shows the differential resistance curves of the two types of samples with 
electrode gap of 630 nm and 150 nm. Both types of samples qualitatively show similar 
trend. The enhancement of conductance near zero bias clearly manifests the sign of 
Andreev reflection process. This process converts single electron current into Cooper 
(a) (b) 
(c) 
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pair current which gives larger conductance at an energy scale below the energy gap. As 
the bias current is increased, superconductivity starts to be destroyed and eventually the 
sample reaches the normal state. 
  
 
Figure 6.2 Differential resistance characteristics of SC-FM disk-SC samples with 
electrode gap (a) 630 nm and (b) 150 nm at 1.4 k and under zero applied field.  
  
The dV/dI curves show a wide peak followed by a dip at a bias current of 0.31 mA and 
0.27 mA in type A and B respectively corresponding to 10 meV and 5.8 meV in energy 
scale which is one order higher than the expected gap energy in our devices. Such kind 
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of resistance peak has been observed in diffusive superconductor-normal metal (NM) 
and SC-FM contacts by many groups [211
 
 and references therein]. The origin of the 
peak is related to the critical current of the superconductor itself. The contact resistance 
of a diffusive SC-FM interface can be expressed as  
𝑅𝑐 = ℎ2𝑒2 4𝜋𝑘𝐹2𝐴 + 𝜌2𝑎,                                                                                                     6.1 
 
where 𝐴, a and 𝑘𝐹 are contact area, size of the orifice and wave vector at Fermi Level 
respectively.[193] The first and second term of this equation represent Sharvin (Rs) and 
Maxwell (Rm) resistance. However, this equation is applicable for contacts with similar 
material. In case of interface consisting of dissimilar materials, 𝜌 should be substituted 
by a weighted average of the two materials [211]. At low bias current Rm should have a 
small value as Nb is in superconducting state and 𝜌comes only from finite resistivity of 
FM material. As the bias current increases, the Cooper pairs in Nb start getting depaired 
and at this stage a small increase in current (dI) can lead to a large increase in ρ and 
effectively producing a sharp rise in voltage drop (dV) at the interface. The current 
densities (0.17 × 106 𝐴/𝑐𝑚2and 0.15 × 106 𝐴/𝑐𝑚2 for type A and B respectively) at 
which the dV/dI peak were observed in the devices are large enough to depair Cooper 
pairs in Nb. This suggests that the peak originates from the aforementioned reason. 
 
6.4     Temperature dependence of zero bias resistance 
In previous section the dV/dI curves have been qualitatively analyzed in light of 
Andreev reflection process and its effect on SC-FM interface. To get a quantitative 
understanding of dV/dI characteristics and Andreev reflection process, the temperature 
dependence of zero bias resistance is analyzed in this section.  
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Figure 6.3 Comparison between experimental and simulated normalized ZBR at 
different temperature for two type B samples, (a) sample 1 (normal state resistance 21.5 
Ω) and (b) sample 2 (normal state resistance 34 Ω). The solid curves show the 
simulation results and open triangles are experimental points. 
 
As shown in Fig. 6.2, the zero bias resistance (ZBR) of each sample is lower than the 
normal state resistance and the dV/dI curves show a peak followed by a dip before 
reaching to normal state ( both for 150nm and 630 nm electrode gap). In the following 
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the ZBR of the devices at different temperatures is analyzed by the help of the spin 
polarized version of the BTK model [45, 130]. The model explains the characteristics of 
SC-FM interface in terms of Andreev reflection process which converts quasiparticle 
current into Cooper pairs and enhances the interface conductance.  
 
In superconducting state, the voltage signal measured in the devices consists of signal 
from two identical SC-FM interfaces and FM material itself. However, due to the 
design of our voltage probes, in normal state, a small signal from the Nb electrodes is 
inevitable. Therefore, the overall resistance of the device can be expressed as:  
Rdevice= (2/GNN) + R1; in normal state, and  
Rdevice= (2/GFS) +R2; in superconducting state,  
where R1 is total resistance from SC electrode and FM material at above Tc and R2 is 
the resistance of FM material at below Tc, GNN and GFS are SC-FM interface 
conductance in normal and superconducting state, respectively. It is assumed that the 
superconducting transition of Nb is abrupt in the temperature window. Moreover, as no 
sign of long range proximity effect [3] was observed in FM, the resistances R1 and R2 
are treated as constant at different temperatures. The normalized conductance of the 
device is  𝐺𝐹𝑆(2+𝐺𝑁𝑁𝑅𝑆)
𝐺𝑁𝑁(2+𝐺𝐹𝑆𝑅𝐹) whereas 𝑅𝑆 = 𝑒2𝐴𝑣𝐹𝜌𝑅1,𝑅𝐹 = 𝑒2𝐴𝑣𝐹𝜌𝑅2, 
𝐺𝑁𝑁 = 𝑒2𝐴𝑣𝐹𝑁/(1 + 𝑍2)  and  
 
 𝐺𝐹𝑆 = −𝑒2𝐴𝑣𝐹𝑁[(1 − 𝑃)� (1 + 𝐴𝑢 − 𝐵𝑢).𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞
−∞
 
                    +𝑃 ∫ �1 + 𝐴𝑝 − 𝐵𝑝�.𝑓′(𝐸 − 𝑒𝑉)𝑑𝐸∞−∞ ]………………………………..(6.2) 
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Here 𝑒 is electron charge, 𝐴  is effective cross-sectional area of the junction, 𝑣𝐹 is Fermi 
velocity, 𝑁  is density of states at Fermi energy,  𝑃  is spin polarization, .𝑓′ is the 
derivative of the Fermi-Dirac distribution function, 𝐴𝑢,𝐵𝑢 ,𝐴𝑝and 𝐵𝑝 are Andreev and 
normal reflection coefficients for unpolarized and polarized current [45,130]. In the 
following, the temperature dependence of ZBR for two type B ( electrode gap 150 nm) 
samples with normal state resistance 21.5 Ω (sample 1) and 34 ohm (sample 2) are 
analyzed. The Tc for sample 1 and 2 are 5.1 and 5.7 K, respectively. The zero 
temperature energy gap (Δ0) for bulk Nb are deduced to be 0.77 meV and 0.86 meV 
from BCS relation ∆0= 1.76𝐾𝐵𝑇𝐶 , where 𝐾𝐵 is Boltzmann constant. However, the best 
fit curves are obtained using 0.55 meV and 0.6 meV for samples 1 and 2, respectively. 
This could be due to the fact that the BCS relationship was derived for bulk 
superconductor whereas the SC- FM disk- SC device is in the form of a thin film. The 
temperature dependence of Δ is calculated from reference [212
 
]. The P values are taken 
as 0.26 and 0.28 whereas Z values are 0.04 and 0.12 for sample A and B, respectively. 
As shown in Fig. 6.3, the experimental normalized ZBR (R0/Rn) at different 
temperatures match quite well to theoretical prediction assuming proximity effect in 
FM is negligible.
 
6.5     Effect of magnetic field on dV/dI characteristics  
In the previous section the dV/dI curves have been qualitatively analyzed in light of 
Andreev reflection process and its effect on SC-FM interface. The good agreement 
between experimental temperature dependent ZBR data and theoretical calculation 
indicates that Andreev reflection is the governing process in determining the electronic 
transport properties of SC-FM disk-SC devices. In this section the effect of magnetic 
field on the dV/dI characteristics and Andreev reflection is discussed. 
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As the samples were cooled down to 1.4 K, typical dI/dV characteristics which are 
shown in Fig. 6.2, were observed. Very interestingly, sometimes after applying a 
magnetic field, the dV/dI curve shape changes dramatically to a new shape and it exists 
even after the field is switched off. For the ease of discussion, these two states are 
named as state 1 and state 2. However, state 2 is metastable and lasts for few hours 
before returning back to state 1. During transition of state 1 to state 2, very unstable and 
hysteretic dI/dV curves were also observed which is named as intermediate state. 
Before moving to the analysis of the difference between these states, a summary of the 
conditions at which the state transitions were observed, is presented below.  
 
When the sample was cooled below SC transition temperature (Tc), usually it was in 
state 1 which is the most stable state. Magnetic field was applied for few seconds. After 
turning it off, dV/dI was measured. In this way, magnetic field was applied up to 0.7 T. 
As shown in Fig. 6.4, dV/dI was nonhysteretic with respect to bias voltage up to this 
stage. After applying 0.8 T, the dV/dI was dramatically changed to a hysteretic nature. 
At this stage, the dV/dI curves were very unstable. At 1.5 T, the dV/dI curve was 
returned back to nonhysteretic shape, but now the curve shape is very different from 
state 1 and this new state is named as state 2. However, state 2 is metastable and lasts 
for few hours before returning back to state 1. Moreover, increase in temperature also 
helps state 2 to convert into state 1. During magnetoresistance measurement ( with the 
field ON), the dV/dI shape often switches from state 1 to state 2 at a very small field of 
10 mT. The transition occurred at a higher field also. We believe that the dV/dI state 
switching is due to the effect of frozen flux in Nb on the Andreev reflection process in 
the SC-FM interface. As the field is applied and gradually reduced to zero, a substantial  
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amount of flux may occasionally be trapped in the superconducting slab. [212] This 
frozen flux has an important influence on the transport characteristics of SC-FM 
interface which will be explained below. 
 
Figure 6.4 dV/dI at zero field after applying different strength of static magnetic field. 
Curves are vetrtically shifted for clarity. 
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The key difference between state 1 and 2 is that the critical current in state 1 is larger 
than that in state 2. This is due to the reason that the frozen flux weakens the 
superconductivity at the SC-FM interface which results in destruction of 
superconductivity at smaller bias current. A reduction of Ic in Nb near the interface 
should also be associated with a reduction in energy gap. A simple relationship 
between critical current and energy gap can be written as 𝐽𝑐(𝐻) 𝐽0⁄ = (∆ (𝐻) 𝐴0⁄ )3 2⁄ , 
𝐽0 is the critical current at zero temperature and zero magnetic field. [212, 213
 
] We 
focus on two type B ( electrode gap 150 nm) samples with normal state resistance 
21.5 Ω (sample 1) and 34 ohm (sample 2). The ratios of the critical currents in state 2 
and state 1 for samples 1 and 2 are 0.517 and 0.541 respectively. Using ∆0 values 
used in R-T simulation for state 1, those values can be estimated for state 2 as 0.354 
meV and 0.398 meV. The reduction in ∆0 values results in a decrease in ZBR of 
sample 1 and 2 by 0.11 Ω and 0.05 Ω respectively which are of the same order  (0.14 
Ω for sample 1 and 0.11 Ω for sample 2) found from averaging more than 15 cycles of  
 
Figure 6.5 Two different states of dV/dI at zero field. 
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Figure 6.6 (a) Average ZBR and (b) high bias (when superconductivity is destroyed) 
resistance. 
 
experimental data. We also note that the average resistance differences between two 
states at I>>Ic are negligible (0.001 Ω and 0.004 Ω for 1 and 2 respectively) which 
indicate superconducting origin of these results. 
 
(a)
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6.6    Magnetoresistance characteristics at low field regime 
6.6.1     Micromagnetic state of FM disk under external field 
It has been well known that the micron sized disk shape FM particle exhibits a curling 
spin configuration where the spin direction changes gradually so that the total energy 
is minimized. At the center of such a disk there exists a vortex core with the 
magnetization pointing perpendicular to the film. The formation, propagation and 
annihilation of such a vortex core has been discussed in detail in chapter 2. In this 
section we will highlight the result obtained from OOMMF simulation. The 
simulation was performed by using a cell size of 𝟓 × 𝟓 × 𝟑𝟎𝒏𝒎𝟑 , saturation 
magnetization 𝑀𝑠 = 8.0 × 105 A/m, exchange stiffness constant t 𝐴 = 1.3 ×10−11 J/m. The magnetization vector’s angle with respect to X axis in each cell can be  
 
 
Figure 6.7 Micromagnetic state of FM disk under different in- plane field. 
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found from this simulation. This information is needed to calculate the 
magnetoresistance and it will be discussed in section 6.6.3. As shown in the Fig. 6.7, 
the FM disk stays in a single domain state when the applied field is as large as -60 
mT. As the field is increased towards zero, the magnetization state starts deviating 
from the single domain state and the formation of a complex buckling state starts. 
This buckling state suddenly converts into a vortex state and at zero field it is a little 
bit offset from the center of the disk. As the field increases, the vortex core moves in a 
perpendicular direction to the field and reaches at the edge at a field around 40 mT. 
After that the vortex core annihilates and the FM disk enters into the single domain 
state again. All of these transitions from OOMMF simulation are shown in Fig. 6.7.  
 
6.6.2     Current distribution in FM disk and its effect on magnetoresistance 
As discussed in chapter 2, in order to calculate anisotropic magnetoresistance, the 
information about the relative angle between the magnetization vector and current 
vector need to be calculated. The magnetization vector information is found from 
OOMMF simulation. On the other hand, to calculate the current distribution in the FM 
disk we used finite element software ANSYS. [214
 
]  
A circular disk of 1 micron size was drawn and two electrodes of appropriate size 
matched with the experimental work were put on it. The electrodes were set to be in 
equipotential state (left electrode 1 and right electrode 0). The software automatically 
divides the FM disk into meshes of different sizes and calculates the current vector in 
each cell by using the following principal. The electric potential 𝜑 at each cell is related 
to the electric field 𝑬 by the equation  
𝑬 = −𝛁𝜑                                                                                                            (6.3) 
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The current density 𝑱 in each cell is directly related to electric field as  
𝑱 = 𝜎𝑬 = −𝜎𝛁𝜑                                                                                                (6.4) 
where 𝜎 is the conductivity of each cell. To solve these equations one need to consider 
the conservation of charge equation  
𝜕𝜌
𝜕𝑡
+ 𝛁. 𝑱 = 0                                                                                                       (6.5) 
 
 
Figure 6.8 Current distribution through FM disk. X1 indicates the edge of the electrode 
for type A sample. 
 
Here 𝜌 is the resistivity and 𝑡 is time. This can be simplified for the electrostatic case as 
𝛁. 𝑱 = 0                                                                                                               (6.6) 
Moreover, to impose the restriction that the current must not leave the sample, the 
following boundary condition need to be taken into consideration. 
𝑛.� 𝑱 = 0                                                                                                                (6.7) 
where 𝑛� is a vector normal to the surface. Combining the above equations the following 
can be obtained. 
𝛁. 𝑱 = −𝛁. (σ𝛁φ) = 0                                                                                        (6.8) 
1 0 
X1 
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By using Eq. 6.7 and Eq. 6.8 and assigning the values for 𝜑 at the electrodes, the 
current distribution problem is solved numerically by ANSYS and thus at each cell, for 
a given conductivity 𝜎, 𝑱 can be calculated. However, in reality, the conductivity 𝜎 is a 
function of the relative angle between magnetization vector and current vector. 
Therefore, ideally, Eq. 6.7 and the equation for AMR (6.9) calculation should be 
iteratively solved to get the real AMR value. However, the effect of local resistivity 
variation due to AMR on current distribution is negligible and therefore, a constant 
conductivity is often used while calculating current distribution. [168]. Motivated by 
this, and to avoid complexity in calculation, we used a constant (27.8 μΩ.cm) resistivity 
in ANSYS simulation.  
 
6.6.3     Theoretical calculation of anisotropic magnetoresistance   
The microscopic origin of AMR effect has been discussed in chapter two. The 
resistivity due to AMR effect can be expressed as  
𝜌(𝜃) = 𝜌⊥ + ∆𝜌. 𝑐𝑜𝑠2𝜃                                                                                            (6.9) 
where ∆𝜌 = 𝜌|| − 𝜌⊥ , 𝜃  is the angle between magnetization and current vector, 𝜌|| 
(27.8 μΩ.cm) and 𝜌⊥ (26.7 μΩ.cm) are resistivity of NiFe when current is in parallel 
and perpendicular direction to the magnetization vector, respectively. Permalloy 
resistivity exhibits very weak temperature dependence in the range from room 
temperature to 1.5 K. [ 215] Hence, we use 𝜌||  and 𝜌⊥values measured at room 
temperature for calculation of MR at 15 K. As stated in previous section, to know the 
state of the magnetization vector, we have performed OOMMF simulation by using a 
cell size of 5 × 5 × 30 𝑛𝑚3. On the other hand, the current vector angle was found 
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from ANSYS which divides the FM disk into arbitrary mesh size. To match the cell 
sizes from these two software, we wrote a program in MATLAB which converts the 
unstructured mesh size from ANSYS into a cell size of 5 × 5 × 30 𝑛𝑚3  by using 
simple interpolation technique. Thus the AMR value for each cell was calculated and 
after that all the resistance contributions from different cells were added as parallel 
(for a column) and series (for all rows) combination. Another MATLAB program was 
written to perform this calculation. 
 
6.6.4     Probing magnetization reversal process in FM disk by low field 
magnetoresistance of SC-FM-SC device 
In this section the magnetoresistance characteristics of SC- FM disk- SC devices at low 
field regime are presented and analyzed. This section shows that the MR results serve 
twofold purposes. Firstly, it helps to probe and understand magnetization reversal 
process in FM disk. Secondly, it suggests that the MR results of SC- FM rectangle- SC 
shown in chapter 5, are probably the manifestation of crossed Andreev reflection, not 
generation of long range triplet supercurrent at SC-FM interface due to inhomogeneous 
magnetization. Before moving to a detailed analysis, a brief abstract of these two 
subsections are provided below. 
 
SC-FM interface has been used for long time to probe FM’s electronic property such as 
spin polarization. [6, 216 4] The key concept is that the Andreev conductance [ ] of such 
an interface is directly related to the degree of FM’s spin polarization. As an opposite 
effect, the stray field from the FM may also affect the superconducting state in the SC, 
which in turn would affect electrical transport across the SC-FM interface. This concept 
is used to show that during magnetization reversal process, a buckling pattern forms 
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which generates strong stray field and this is mainly localized at the edge of the FM 
disk. Moreover, by varying the gap length between the SC electrodes, the device allows 
to probe different portions of the FM dot. All of the previous studies indicated that the 
transition of buckling to vortex state gives a sudden drop in MR when applied field is 
parallel to the current direction. [168, 217
 
] In contrast to this, our measurements show 
that the MR can also result in a sudden rise or no sharp change when this transition 
occurs and the sign of the sudden MR change depends on the effective probed area of 
the FM disk. By analyzing MR characteristics it is shown that long range triplet 
supercurrent (LRTS) is absent in these devices. Although the disk shaped FM provides 
inhomogeneous magnetization, no sign of LRTS generation at the interface was 
detected. This indicates that the MR results shown in chapter 5 probably are the 
manifestation of crossed Andreev reflection, not LRTS.  
Fig. 6.1(b) shows the room temperature, remanent state magnetic force microscopy 
(MFM) image of one FM disk of same dimension and thickness as used in our 
experiment. The black dot at the center of the disk corresponds to the single vortex core 
with magnetization pointing perpendicular to the disk plane which is typical for such a 
ferromagnetic structure. This kind of structure can store two bits of information at a 
time by using its two unique properties, i.e, chirality of the vortex rotation and polarity 
of the vortex core. In order to make use of this versatile structure, it is important to 
understand the magnetization reversal process and associated electrical transport 
characteristics. Up to now, different experimental techniques such as magnetoresistance 
(MR) measurement by normal electrode,[168] magneto-optical Kerr effect, [172, 218
178
] 
micro-superconducting quantum interference device,[ ] micro-Hall magnetometry, 
[176] and magnetic force microscopy [179] have been used for this purpose. All of 
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these studies show that the magnetization reversal process takes place with buckling, 
vortex nucleation, propagation and annihilation. The switching from buckling state to 
vortex state is associated with a reduction in total stray field from the whole FM 
disk.[ 219
218
] However, due to highly inhomogeneous magnetization, the stray field 
strength at the buckling state may vary in different portions of the FM disk. [ ] None 
of the techniques mentioned above has the advantage to address this issue. 
 
In order to understand the magnetization reversal process of this structure, we used the 
Nb electrodes to measure MR at 1.4 K and 15 K. The superconducting transition 
temperatures (Tc) for all the samples varied between 4.2 k to 5.7 K. The MR 
measurements were performed by starting the magnetic field from negative saturation 
field. Fig. 6.7 (a) shows the MR characteristic of type A sample at 15 K. The MR is 
defined as Rfield – R saturated. During forward sweeping of magnetic field, the resistance 
reduces nonlinearly from the saturated state and a minimum comes at a field of 7.3 mT.  
The resistance minimum is followed by a gradual increase up to 27.4 mT and after that 
it reaches the saturated state with a sharp jump corresponding to the annihilation of 
vortex core.[217] This MR characteristic is a manifestation of the typical anisotropic 
magnetoresistance (AMR) effect.  
 
To calculate θ, we find real current direction in each cell by using finite element 
software ANSYS. Due to circular shape, the injected current does not follow a straight 
line, rather, it follows a curved path (see Fig. 6.8). By taking this into consideration, the 
AMR value was calculated and Fig. 6.9 (a) shows the calculated MR of the FM disk’s 
area between two electrodes (630 nm spacing). There is a good agreement between the 
simulated and above Tc experimental (see Fig. 6.8 a) MR curves’ shape and order of 
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magnitude. The most striking fact of these results is that although MR jump due to 
sudden annihilation of the vortex core is clearly observed, unlike other reports found in 
literature, [168, 217] no sudden MR change corresponding to vortex nucleation is 
noticed. However, we find one discrepancy between them as well. The resistance 
 
Figure 6.9 MR of type A (electrode gap 630 nm) sample at (a) above Tc and (b) below 
Tc; MR of type B (electrode gap 150 nm) sample at (c) above Tc and (d) below Tc. 
 
minimum, which corresponds to the vortex state in simulation, comes at negative field 
during the forward sweep of magnetic field. On the contrary, in experiment it comes at 
some positive field, which is probably due to the increased coercivity caused by Ar+ 
plasma induced surface roughness. [220, 221
 
]. 
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At 1.4 K, when superconductivity was fully developed in Nb electrodes, we measured 
the MR and Fig. 6.7 (b) shows the result for type A sample. The most striking feature of 
this MR curve is that it provides information about the onset of buckling and vortex 
states which was not accessible at a temperature above Tc. This versatility stems from 
 
Figure 6.10 Calculated MR with and without taking current distribution for center (a) 
630 nm and (b) 150 nm portion of FM disk. 
 
the fact that below Tc, in addition to AMR effect, the SC-FM interface characteristics 
also play a role in determining the MR of the device. The conductance of an SC-FM 
interface is governed by the Andreev reflection process which converts quasiparticle 
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current into Cooper pair current and enhances the interface conductance at sub gap 
energy level. The presence of Andreev reflection in our devices has already been 
discussed in previous sections. Theoretically, Andreev reflection is expected to be 
affected by any sort of magnetic field. As the magnetic field tries to align the spins of 
electrons in a Cooper pair, the stray field acts like a pair-breaker and the pair breaking 
energy is proportional to the field strength. [212] This reduces the excitation energy 
needed to inject quasiparticle into SC which is equivalent to a reduction of Δ. From Eq. 
6.2 it can be worked out that the reduction of Δ results in a reduced Andreev 
conductance which is shown in Fig. 6.10. Thus the magnitude of Andreev conductance 
is proportional to the energy gap in Nb at the interface which is sensitive to the stray 
field originated from the FM.  
 
Figure 6.11 Theoretical prediction of SC- FM interface conductance according to spin 
polarized BTK model with T = 1.4 K, P = 0.35, Z = 0 and different energy gaps (0.1, 
0.4, 0.7, 1 and 1.3 meV). 
 
Fig. 6.12 shows the micromagnetic simulation images of the FM disk at saturation (i), 
pre-vortex buckling (ii) and vortex (iii) state. The signatures of all these transitions were 
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clearly observed in experimental MR data of type A sample at 1.4 K and the associated 
points are indicated in Fig. 6.9 (b). For a direct comparison, the transition points are 
also shown in simulated MR curves (Fig. 6.9). As the applied field is reduced from 
saturation, the AMR starts decreasing. On the other hand, due to the onset of buckling 
 
Figure 6.12 The magnetization at saturated (i), pre-vortex buckling state (ii) and vortex 
state (iii). X1 and X2 indicate position of the edge of the electrodes for type A and type 
B respectively. The maximum divergence (blue and red color) represents strongest stray 
field. 
 
state, a large stray field starts creeping up near the edge of the disk. As discussed 
previously, the enhanced stray field reduces the energy gap in Nb electrodes resulting in 
a decrease in Andreev conductance. This opposes the initial decrease in AMR and 
results in the kink observed at -20 mT. However, as the buckling state continues, the 
stray field near the edge of the disk does not change much and with further increase of 
the field towards zero, the AMR effect prevails over the Andreev conductance effect. 
Therefore, the resistance continues to reduce up to point (ii). Unlike the MR curve at 15 
K, a sharp drop in resistance due to the onset of vortex state is clearly observed at point 
(ii). The underlying reason is that the switching of buckling state into vortex state 
reduces the stray field near the edge of the disk. This results in a sharp increase in 
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magnetization state and its divergence (proportional to stray field) shown in Fig. 6.10. 
Switching from point (ii) to (iii) shows a dramatic reduction of divergence of 
magnetization under the Nb electrode near the edge X1. However, after the onset of 
vortex, the MR starts increasing due to AMR effect and reaches the saturated state with 
a jump corresponding to the vortex annihilation. 
 
To understand the spatial distribution of the stray field, we reduced the superconducting  
electrode gap to 150 nm (type B sample). This allows us to fully shunt the edges of the 
FM at 1.4 K where the stray field at the buckling state is very strong. Fig. 6.9 (d) shows 
the MR of type B sample at 1.4 K. In direct contrast to the results for type A sample, no 
kink corresponding to the onset of buckling state and sharp dip in MR due to stray field 
reduction by switching of buckling state to vortex state were observed. Due to shunting 
of FM edge by superconducting electrode, the effective SC-FM interface of this sample 
is located near the center of the disk. The stray field at this portion does not change 
much during the magnetization reversal process except near the vortex core which is 
very small in size(~10 nm) [ 222
 
] and not under the SC electrode. This claim is 
corroborated with the magnetization states and divergence shown in Fig. 6.10. 
Therefore, no significant effect of stray field redistribution on SC-FM interface was 
observed in type B sample’s MR data. 
The MR of type B sample shows a unique jump after reaching the resistance minimum. 
This feature was observed at both above and below Tc, which indicates that its origin is 
not related to superconductivity. We claim that, the sudden jump of MR in this sample 
corresponds to the AMR effect due to the switching of buckling state to vortex state. 
The MR calculated by taking account of cells at the 150 nm gap region is shown in Fig. 
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6.9 (b) and interestingly, it reproduces the jump due to the onset of vortex state. The 
effect of current distribution on this characteristic is negligible as the current follows 
almost a straight line through the middle portion of the FM disk. The MR jump is in 
contrast to all other previous MR studies on FM disk,[168, 217] where vortex 
nucleation was always believed to show a sharp drop in MR. In this context, we 
emphasize that in order to detect the vortex onset field by interpreting MR data, the 
effective probed area should be carefully taken into consideration. 
 
In a nutshell, in this section we have shown that the transport characteristics of SC-FM 
interface can be used to probe the magnetization reversal process of FM disk. By 
performing micromagnetic modeling of the FM disk and analyzing the MR 
characteristics of SC- FM disk- SC devices at below and above Tc we have been able to 
point out the switching field of buckling to vortex state. Above Tc the switching from 
buckling to vortex state results in a sudden MR rise if the current distribution in the disk 
is negligible. On the other hand, in presence of current distribution, the switching of 
buckling to vortex state does not produce any significant change in MR above Tc and 
hence the onset field cannot be determined only from above Tc MR data. In this regard 
the MR data below Tc become important. The formation of vortex state during 
magnetization reversal causes a dramatic reduction of the stray field distribution near 
the edge of the disk which produces a sudden rise in Andreev conductance of SC-FM 
interface at a temperature below Tc. This results in a sudden drop in MR which enables 
us to find out the vortex onset field from electronic transport data in the presence of 
current distribution. Results from micromagnetic modeling and spin polarized BTK 
simulation are in good agreement with these experimental observations. 
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6.6.5     Absence of long range triplet supercurrent in SC- FM disk- SC device 
In chapter 5, it was shown that due to inhomogeneous magnetization in FM at the SC- 
FM interface either crossed Andreev reflection (CAR) or long range triplet supercurrent 
 
Figure 6.13 Difference between MR at above and below superconducting transition 
temperature. 
 
 (LRTS) was present. However, from those data it was not possible to exclude one of 
these mechanisms. In this context, SC-FM disk-SC samples help to differentiate 
between these two processes. In this case CAR is not possible as in FM disk there is no 
opposite domain placed within coherence length of Cooper pair. However, the circular 
disk provides a continuous rotation of magnetization which would theoretically help 
spin singlet supercurrent to convert into triplet supercurrent at the interface. [3] On the 
contrary, M. A. Silaev predicts that such triplet current should be absent through FM 
disk due to axisymmetric magnetization. [223
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] However, MR measurement can shed 
light on this issue. As the inhomogeneous magnetization becomes saturated by applied 
magnetic field, LRTS should be ceased at the saturated state. In this context we 
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compare resistance difference between no field and with field condition at above and 
below superconducting transition temperature. The result for 150 nm electrode spacing 
sample is shown in Fig. 6.11. It can be clearly seen that the resistance difference at 
below Tc and above Tc are similar in amplitude. This is in contrast to the results 
obtained in lateral SC-FM rectangle-SC samples. This can be understood as a fact that 
neither domain wall assisted CAR nor LRTS is present in this sample. The resistance 
difference at below Tc starts getting higher than that at above Tc at a field above 28 mT. 
This might be understood as an effect of magnetic field on the superconducting 
electrode which slowly starts creeping up after 28 mT.  
 
6.7     Magnetoresistance at high field regime and effect of frozen flux  
In this section the magnetoresistance characteristics of two different dV/dI states are 
discussed. The MR is nonhysteretic at state 1 whereas large hysteresis is observed in the 
MR at state 2. Fig. 6.12 shows the MR characteristics at state 1 of one type B sample. 
The curve shapes are different at different DC bias levels. This is due to that reason that 
both DC bias current and magnetic field destroy the superconductivity in the similar 
fashion. Therefore in destroying superconductivity, larger magnetic field is analogous 
to larger bias current and thus MR curves at different biases follow the shape of the 
current biased dV/dI curves. A careful look into these MR characteristics reveal that at 
low bias current the resistance initially increases with increase in magnetic field. As the 
magnitude of the DC bias level is increased above 0.36 mA, this behavior gets inverted 
and magnetic field causes the resistance to decrease. Interestingly, after -0.476 mA and 
until the complete destruction of superconductivity at around -0.6 mA, the MR 
characteristics become similar to those at low bias current. This MR characteristic is 
summarized in Fig. 6.13 where change in device resistance from zero to 1 T at different 
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bias current is plotted. Similar type of switching of the sign of MR at certain bias level 
has been reported recently by A. Mani et al. [224
224
] They studied MR of a bilayer of high 
Tc superconductor (Nd0.43Sr0.57MnO3)/ FM (YBa2Cu3O7) at a temperature below Tc and 
found that there is a cross-over current density when MR switches its sign (see Fig. 6.13 
(b)). The origin of such behavior was not explained in that work. However, as stated 
earlier, we find that there is a direct correlation between DC bias dependent dV/dI 
characteristics and MR sign changing. The dV/dI continues to increase up to around 
0.37 mA and after that it shows a dip before reaching to the normal state. The slope of 
dV/dI is negative from 0.37 mA to 0.45 mA and only at this range the sign of MR is 
different from that at other bias currents. Inside this window, an increase in bias current 
results in a decrease in resistance. As magnetic field and level of DC bias current 
similarly affect dV/dI, an increase in magnetic field also reduces the resistance and that 
is why the sign change of MR takes place in our experiment. Unfortunately, no bias 
dependent dV/dI characteristic was reported in reference  and therefore the 
applicability of our hypothesis in that work cannot be justified. 
 
Although the MR at state 2 follows similar trend as that at state 1, it shows pronounced 
hysteresis (see Fig. 6.16 (b)) at high bias current level above 0.09 mA and below 0.27 
mA. In addition to that, inside this bias current window, unlike state 1, MR at state 2 is 
asymmetric with respect to zero field axis. At first glance it may seem that the 
superconducting vortex flow [212] plays a role behind the aforementioned results. 
However, as our device configuration is Lorentz force free (current and magnetic field 
are in parallel direction), this possibility can be excluded. We attribute these phenomena 
to the effect of magnetic field from frozen flux at the SC-FM interface. The dV/dI is 
highly nonlinear in the bias current range 0.09 mA to 0.27 mA. A small variation in 
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Figure 6.14 Magnetoresistance characteristics of state 1 at different current biases. No 
hysteresis with respect to magnetic field axis was observed. The bottom dV/ dI figure 
shows the resistance values at zero field and different bias current.  
 
actual magnetic field profile at the interface is analogous to a small modulation in bias 
current and inside this bias current window it gives a large variation in dV/dI. Due to 
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the presence of frozen flux, actual field strength at the SC-FM interface is different 
from externally applied field. Therefore, during field sweeping, the total effective field 




Figure 6.15 (a) Bias dependent MR of our SC- FM sample at 1.4 K. (b) MR sign 
switching observed in NSMO/ YBCO bilayer by other group [After A. Mani, 2009, 
Ref. 224]. 
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Figure 6.16 (a) For understanding field dependent resistance at different bias, dV/ dI of 
state 1 and state 2 at zero field are plotted together, (b) MR characteristics of state 2 at 
different current biases. The curves are hysteretic with respect to magnetic field axis 
inside a window of bias current. 




  State 1












































Chapter 6 Study of Lateral Superconductor-Ferromagnet disk-Superconductor Junction 
National University of Singapore 135 
which causes the observed asymmetry in MR at state 2. Similar argument is also 
applicable for the MR hysteresis observed. We note that below 0.09 mA bias current 
level, the MR hysteresis is very weak which is due to the fact that the dV/dI is flat 
shaped at this bias level. Therefore, slight variation in magnetic field does not produce  
large difference in dV/dI and hence, the asymmetry in MR is also absent at this bias 
current level. 
 
6.8    Summary 
In this chapter we have shown that although inhomogeneous magnetization is present at 
the SC- FM disk interface, it does not give rise to long range triplet supercurrent. 
Hence, it may be concluded that the MR signal discussed in chapter 4 is due to domain 
wall assisted crossed Andreev reflection. Moreover, we have shown that by varying the 
gap between two superconducting electrodes, different portion of the FM disk can be 
probed. Although in literature, it is believed that vortex nucleation in FM disk always 
gives a sharp drop in MR when applied field is in the parallel direction to current flow; 
we show that it may lead to a jump in MR also and the sign of the MR change depends 
on the effective probed area of the FM disk. Moreover, we show that using 
superconducting electrodes is more advantageous than normal electrode in detecting the 





Chapter 7  
7.     Conclusions and Recommendations 
7.1     Conclusions 
In this thesis we have studied the electronic transport properties of lateral 
superconductor- inhomogeneous ferromagnet- superconductor devices. This enables us 
to probe the interplay between inhomogeneous magnetization and superconductivity. 
Moreover, by virtue of zero resistance in superconductor and changing the electrode 
gap length, we measured magnetoresistance from different portions of ferromagnetic 
disk. By studying electronic transport property of SC- FM interface we have been able 
to probe magnetization reversal mechanism in FM disk. The key contributions and 
important results are summarized below. 
 
(1) One of the promising platforms to observe the domain wall effect on 
superconductivity is our concept of lateral SC- FM rectangle-SC device. We 
have found that the magnetoresistance studies of this kind of samples reveal 
the presence of crossed Andreev reflection and/ or long range triplet 
supercurrent. Although it has not been possible to determine whether both of 
these processes are present in this kind of device, we have provided a 
quantitative analysis of the contribution due to crossed Andreev reflection 
which matches well with the range of the amplitude of the observed signal. 
 
(2) We have incorporated spin dependent barrier strength in the spin polarized 
version of Blonder-Tinkham-Klapwijk model to analyze electronic transport 
characteristics of SC- FM interface. In the SC- FM rectangle (single domain) 
– SC devices, where crossed Andreev reflection and long range triplet 
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supercurrent were absent, this effect was clearly observed. The simulation 
results agree pretty well with the experimental observations. On the other 
hand, in devices with multidomain ferromagnet, this effect was hindered by 
the presence of CAR and/ or LRTS. 
 
(3) The study on SC- FM disk- SC devices did not show any sign of long range 
triplet supercurrent. However, the magnetorsistance studies show that the stray 
field from the FM disk during magnetization reversal process affects the 
Andreev reflection process at the SC- FM interface. 
 
(4) By changing the superconducting electrode gap length, the SC- FM disk- SC 
devices provide a unique way to probe the magnetization reversal process in 
FM disk. It was found that upon decreasing external magnetic field from 
saturated state, a buckling pattern forms which generates a large stray field 
near the edge of the disk. The onset of buckling pattern and its switching to 
the vortex state were studied with the help of Andreev conductance of the SC- 
FM interface. The magnetoresistance above superconducting temperature was 
analyzed in light of current distribution and anisotropic magnetoresistance 
effect. Interestingly, unlike reports found in literature so far, it was found that 
the onset of vortex state may lead to a jump in MR when applied field is in 
same direction as current flow. This theoretical prediction is well supported by 
our results. 
 
(5) Our SC- FM- SC devices were found to exhibit two strikingly different 
differential resistance states at zero field. The key difference between these 
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states is that the critical current (Ic) is dramatically lower for one state (state 2) 
than the other (state 1). Moreover, state 2 exhibits a higher zero bias resistance 
than state 1. This has been explained as an effect of magnetic field from the 
frozen flux in superconductor on the Andreev reflection process at the SC- 
FM interface. The MR curves at different dc current biases are nonhysteretic 
and symmetric with respect to zero field axis when the device is at state 1. In 
contrary to this, MR curves at state 2 are asymmetric and show a pronounced 
hysteresis at high bias current. These effects indicate a coupling between 
applied field and frozen flux, which affects the transport characteristics of the 
SC- FM interface 
 
7.2     Recommendations for future work 
Several interesting and novel phenomena have been found in this thesis and there exist 
a lot of possible branches which can be explored based on these findings. Some of such 
recommendations are provided below. 
(1) Our SC- multi-domain FM rectangle- SC devices showed sign of crossed 
Andreev reflection. Theoretically, the electronic signal due to such effect 
depends on number of domain walls present at the interface. Hence the 
ferromagnetic pattern can be engineered in such a way that the number of 
domain walls can be controllably varied and their effect on Andreev 
conductance can be explored. 
 
(2) The average size of the Cooper pair can be of the order of hundred 
nanometers. Therefore, if FM-NM-FM structure is put in between two lateral 
superconducting electrodes, it may act like a superconducting link. The 
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thickness of the FM layers can be engineered to control the coercivity and the 
systematic magnetoresistance study of this type of devices can differentiate 
between spin singlet or triplet supercurrent. 
 
 
Figure 7.1 Schematic of proposed superconductor-FM/ NM/ FM-superconductor device 
 
(3) Lateral junctions with superconductor and antiferromagnetic materials can be 
explored. As the antiferromagnetic (AF) materials contain oppositely 
magnetized layers, it might be possible for traditional singlet cooper pair to 
travel a large distance in this type of materials. This field is quite new and few 
theoretical and experimental works have been reported so far. Among the 
theoretical works, bound state generation at SC- AF interface [225], penetration 
of Cooper pair through SC- AF- SC device and current- phase relationship 
[226] have been studied. On the other hand, experimentally junctions with AF 
material such as FeMn [ 227] and Cr [ 228
 
] have been studied and a few 
nanometer coherence length of Cooper pair in AF material is reported. Similar 
to strong FM material, the short coherence length has been attributed to strong 
exchange energy. 
. 
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